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INTRODUCTION 


OBJECTIVE 


The  objectives  of  this  program  were  to  establish  the  relationship  between 
infrared  spectra  and  aging  of  the  propellant /liner /insulator  bond  and  to 
demonstrate  the  applicability  of  the  relationship  to  service  life  prediction. 

BACKGROUND 


This  project  called  for  a  study  of  rocket  motor  bond  lines  and  the  develop 
ment  of  procedures  to  determine  their  integrity  without  sacrificing  the  rocket 
motor.  Furthermore,  the  project  called  for  the  development  of  a  technique 
wheieby  the  bond  line  strength  (or  integrity)  could  be  measured  directly  with¬ 
out  reliance  upon  indirect  or  secondary  means  such  as  testing  a  sample  stored 
with  the  rocket  motor.  In  this  project  (and,  thus,  this  report),  the  term 
I  "bondline"  includes  all  interfaces  among  materials  used  in  a  rocket  motor  from 
the  motor  case  inward  to  the  propellant. ..  .insulation,  liner,  migration 
barriers,  and  propellant. 

Previous  procedures  for  determining  the  integrity  of  bondUnes  involved 
taking  a  sample  from  a  rocket  motor  or  sectioning  a  rocket  motor  and  testing 
the  bOi.d  lines  thus  removed.  The  methods  were  generally  destructive  to  the 
rocket  motor  and,  thus,  were  not  totally  satisfactory.  Where  small  rocket 
motors  are  concerned,  and  the  cost  of  such  motors  not  prohibitively  high, 
sacrificing  a  motor  to  determine  the  condition  of  the  remainder  of  a  lot  or 
batch  of  motors  is  not  a  totally  unacceptable  procedure.  This  procedure, 
however,  applied  to  a  very  large  rocket  motor  was  totally  unacceptable 
simply  because  of  the  cost  involved.  An  alternate  method  used  was  to  stor(j 
samples  of  the  bond  system  along  with  the  motor  and  then  tost  those  bond 
samples;  from  that  information,  then  determine  the  integrity  of  the  bond  sys 
tern  within  the  motor.  While  this  procedure  was  considerably  less  costly,  the 
measure  of  bond  strength  was  indirect  and  did  not  reveal  the  absolute  condi¬ 
tion  of  the  bond  system  within  the  large  rocket  motor. 

Thiokol/ Huntsville  had  recently  completed  the  FTIS  project  (AFRPL  Con 
tract  F04611-78-C-0027) .  which  demonstrated  the  feasibility  of  determining 
the  mechanical  properties  of  propellant  using  infrared  (IR>  spectroscopy. 

Also  during  that  program,  techniques  were  established  for  projecting,  based 
on  changes  in  mechanical  properties  and  corresponding  changes  in  the  infra¬ 
red  spectral  characteristics  of  the  propellant,  the  mechanical  properties  of 
propellant  to  some  future  time. 

This  program  was  based  on  the  idea  that  any  changes  in  the  mechanical 
properties  at  or  near  the  bond  line  during  aging  are  the  result  of  chemical 
changes  either  in  the  propellant,  the  liner,  or  the  insulator.  These  chemical 
changes  are  reactions  that  result  in  changes  to  the  network  structure  of  the 
polymers  in  tbs  propellant,  liner,  or  insulation  or  could  be  the  result  of 
migration  of  some  chemical  specie  from  one  layer  to  another.  Whatever  the 
chemical  changes  are,  they  are  detectable  by  infrared  spectroscopy  and  these 
changes  can  be  correlated  to  changes  in  the  mechanical  properties  of  the  bond 
system.  This  basic  premise  had  been  demonstrated  in  Thiokol/Huntsville's 
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previous  FTIS  project.  It  remained  in  this  project  to  demonstrate: 

1)  that  the  detected  changes  in  infrared  spectra  were  related 
to  what  was  occurring  in  the  bond  system, 

2)  that  the  changes  in  the  chemistry  of  the  bond  system  were 
of  sufficient  magnitude  to  be  observed  in  the  infrared,  and 

3)  that  the  infrared  spectra  could  be  obtained  in  a  manner  suci) 
that  the  infrared  data  were  quantitative. 

Each  bond  system  ur.ed  in  a  rocket  motor  will  have  its  own  chemical 
characteristics,  these  being  a  result  of  the  particular  insulation,  liner,  and 
propellant  used.  Types  and  quantities  of  materials  employed  in  making  the 
insulation,  liner,  and  propellant  have  a  profound  effect  upon  the  chemical 
reactivity  and  chemical  stability  of  the  entire  bond  system. 

While  there  are  some  basic  similarities  between  bond  systems  used  in 
a  great  many  rocket  motors,  the  specific  details  of  each  bond  system  will 
cause  its  chemistry  to  be  slightly  different  from  every  other  bond  system. 
The  fact  that  a  polyisoprene  insulator,  an  HTPB-type  liner ,  and  an  HTPB* 
type  propellant  are  used  gives  rocket  motors  having  these  components  some 
features  in  common,  but  the  specific  correlations  between  chemical  changes 
and  mechanical  property  changes  must  be  determined  for  each  individual 
bond  system  employed. 

Correlation  of  infrared  spectral  changes  with  bond  system  mechanical 
property  changes  is  most  easily  accomplished  through  the  use  of  a  computer 
program.  Such  a  computer  program  was  written  and  checked  out  on  the 
previous  FTIS  project.  The  computer  program  accomplishes  reduction  of 
the  raw  infrared  spectral  data  and  then  correlates  that  reduced  infrared 
spectral  data  with  the  mechanical  property  data,  establishing  the  relation¬ 
ship  between  the  two  phenomena. 

PROJECT  OUTLINE 

The  project  consisted  of  two  phases,  with  each  phase  subdivided  in 
three  tasks. 

Phase  I  -  Analytical  Development 

Task  1  -  IR  Data  Acquisition  Methodology 

Task  2  -  Computer  Programming 

Task  3  -  Correlation  of  IR  and  Bond  Properties 

Phase  II  -  Service  Life 

Task  1  -  Future  Properties  Programming 

Task  2  -  Bond  System  Aging  and  Data  Analysis 

Task  3  -  Computer  Program  Transfer  and  User's  Workshop 

A  detailed  diagrammatic  view  of  the  entire  project  is  presented  in 
Figure  1,  Work  Flow  Diagram. 
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FIGURE  1.  WORK  FLOW  DIAGRAM 


As  the  outline  Implies.  Phase  I  was  devoted  to  development  of  analytical 
techniques  for  accumulating  the  infirared  data  on  bond  systems.  Task  1, 

IR  Data  Acquisition  Methodology,  was  to  select  bond  systems  to  study  and 
then  examine  several  methods  for  physically  reaching  these  bondlines  so 
that  their  chemical  structure  could  be  examined  in  the  infrared.  Several 
different  procedures  and  apparatus  for  acquiring  the  infrared  data  were 
examined.  Task  2,  Computer  Programming,  was  devoted  to  improving  the 
computer  programs  developed  in  the  FTIS  project  (AFRPL  Contract  F04611- 
78-C-0027)  to  make  these  programs  more  useful  by  expanding  their  capabili¬ 
ties.  Task  3  in  this  phase  was  concerned  with  the  short-term,  high- 
temperature  aging  of  two  bond  systems  and  testing  the  Task  1  techniques 
for  acquiring  the  infrared  data.  This  task  was  also  concerned  with  evaluation 
of  several  mechanical  bond  tests  and  other  parameters  that  describe  "bond" 
and  the  selection  of  the  best  of  these  tests  for  later  use  in  Phase  II . 

Phase  II  -  Sei'vice  Life  was  divided  into  three  tasks  also.  Task  1  was 
a  continuation  of  the  computer  programming  begun  in  Phase  I.  The  concern 
here  was  to  write  a  program  for  predicting  the  properties  of  a  bond  system 
based  upon  infrared  information  and  the  correlation  of  that  infrared  data 
with  bond  properties.  Several  techniques  for  predicting  were  examined,  a 
selection  made  of  the  best  technique  and  that  particular  prediction  scheme 
programmed.  Task  2  -  Bond  System  Aging  and  Data  Analysis,  was  concerned 
with  the  conduct  of  an  aging  program  for  two  bond  systems,  one  involving  an 
HTPB  propellant  and  liner  while  the  other  was  a  minimum  smoke- type  propel¬ 
lant  with  an  HTPB  liner.  Both  aging  programs  proceeded  for  32  weeks  with 
the  measurement  of  bond  properties  as  identified  in  Phase  1 .  IR  data  on  the 
chemical  changes  occurring  in  the  bond  system  were  accumulated  using  the 
technique  selected  In  Phase  I.  Data  analysis  was  performed  after  all  of  the 
aging  had  taken  place.  Task  3  in  this  phase  was  the  transfer  of  the  computer 
program  to  RPL  so  thm  it  was  operable  on  the  AFRPL  ODC  3600  computer. 

Also  included  was  a  presentation  of  the  techniques  de /eloped  in  the  program 
at  an  industry-wide  workshop. 

SUMMARY  OF  ACCOMPLISHMENTS 


During  Phase  I  of  the  project,  the  IR  data  acquisition  methodology  was 
worked  out.  Laboratory  procedures  were  established  for  acquiring  the  infra 
red  spectra  of  propellant,  liner,  and  insulation.  It  was  found  that  the  best 
quantitative  data  could  be  obtained  for  insulation  and  liner  by  using  the  sol 
fraction  of  those  materials.  For  HTPB  propellant,  infrared  spectra  were  made 
by  an  ATR  technique  with  procedures  for  preparing  samples,  etc.,  worked  out 
in  detail.  To  avoid  the  overwhelming  influence  of  RDX  on  the  IR  spectrum  of 
minimum  smoke  propellant  and  to  allow  us  to  examine  the  binder  of  that  pro¬ 
pellant,  it  was  found  that  the  gel  fraction  of  the  minimum  smoke  propellant 
provided  the  best  data.  Procedures  for  using  a  Harrick  ATR  unit  were  work¬ 
ed  out,  as  were  all  of  the  parameters  to  use  in  acquiring  the  IR  spectra  on 
a  Digilab  FTS-10  IR  spectrophotometer.  Small  modifications  were  made  to 
existing  computer  programs  which  increased  the  utility  of  these  programs 
and  allowed  the  reduction  of  IR  data  where  the  data  were  acquired  at  a  reso¬ 
lution  of  2,  4,  or  8  wave  numbers.  Also  during  this  phase,  a  16- week  aging 
program  was  conduce.  <>d  wherein  a  variety  of  physical  property  tests  of  the 
bond  specimens  for  Hrr;>  propellant  and  for  minimum  smoke  propellant  were 
examined.  These  bond  tests  included  hardness  profile,  peel,  tensile  adhesion. 
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liner  tensile,  and  chemical  testa  Involving  gel/sol  separation  of  several  of  the 
substrates.  Data  from  these  tests  were  correlated  with  infrared  spectral  infor¬ 
mation  and  the  selection  made  of  the  tests  to  use  in  the  Phase  II,  long  term 
aging  program. 

During  Phase  II  of  the  project,  a  32-week  aging  program  was  conducted 
on  an  HTPB  propellant  bond  system  and  a  minimum  smoke  propellant  bond  system . 
Peel  and  adhe’sli^  were  the  tests  conducted  on  samples  aged  at  temperatures 
up  to  165*’F.  Computer  programs  were  written  which  permitted  the  computation 
of  reaction  rate  constants,  activation  energy,  and  the  prediction  of  bond 
properties  from  changes  in  the  infrared  spectra  of  the  materials  in  the  aging 
studies. 

Correlations  were  found  with  the  changes  in  the  IR  characteristics  of 
the  propellant  with  each  of  the  two  bond  systems  examined.  These  correla 
tions  were  used  to  predict  bond  strengfth  at  a  future  time  and  temperature. 

The  predictions  correlated  quite  well  with  the  actual  bond  strengths  monsur 
e<l  in  the  project. 


TECHNICAL  ACCOMPLISHMENTS 


GENERAL  REMARKS 


The  technical  accomplishments  of  the  project  are  presented  below  by 
phase  and  task.  An  outline  of  the  project  was  presented  in  the  Introduction 
of  the  report.  Details  of  the  experimental  procedures  developed  during  the 
course  of  the  project  are  given  in  separate  appendices  located  at  the  end  of 
this  report. 

PHASE  I  -  ANALYTICAL  DEVELOPMENT 


Task  1  -  IR  Data  Acquisition  Methodology 
Selection  of  Bond  Systems 

in  order  to  study  IR  data  acquisition  techniques,  it  was  necessary,  first, 
t(i  select  bond  systems  to  study  and  to  prepare  the  samples  that  would  Ik; 
used  in  the  acquisition  technology  studies.  To  assure  that  techniques  develop 
ed  would  be  applicable  to  the  current  HTPB  propellant  systems  and  to  the  new 
minimum  jmoke  propellant  bond  systems,  a  sample  of  each  type  bond  system 
was  selected  to  represent  state-of-the-art  propellants,  liners  and  insulators. 
TP-H8279  was  selected  as  the  HTPB  propellant,  while  propellant 
TP-Q7029  was  selected  as  the  minimum  smoke  propellant  for  the  study.  Liners 
and  insulations  used  in  preparing  the  bond  systems  were  also  state-of-the-art 
and  they,  along  with  the  propellant  formulations,  are  shown  in  Table  1  for 
the  HTPB  propellant  bond  system  and  in  Table  2  for  the  minimum  smoke  pro¬ 
pellant  bond  system. 

Preparation  of  Bond  Systems 

Bond  samples  for  each  of  the  types  of  propellant  were  prepared, 
samples  employed  liners  of  different  thicknesses  and  in  some  samples  the  liner 
wr.s  bonded  to  the  propellant  and  in  others  the  bond  between  liner  and  pro¬ 
pellant  was  inhibited  by  a  very  thin  layer  of  a  Teflon®  pov#der  spray -applied 
to  the  precured  liner  just  prior  to  casting  the  propellant.  Separate  samples 
of  the  liner  and  of  the  insulation  were  prepared  for  independent  infrared 
studies.  A  complete  list  of  samples  prepared  from  each  of  the  types  of  pro 
pellant  is  displayed  in  Tables  3  and  4.  Samples  were  aged  at  165“F  to  pro 
vide  some  readily -observable  change  and  at  77®F  to  provide  a  "no-change" 
environment  so  that  IR  technique;  could  be  checked  out. 

The  purpose  of  preparing  bond  samples  wherein  the  bond  was  inhibited 
with  Teflon  powder  was  to  have  ready  access  to  the  actual  bonding  iiUorl'acos 
to  determine  whether  it  is  necessary  to  examine  that  interface  in  order  to 
measure  the  effect  of  aging  on  that  interface.  'I'i^e  bond  inhibition  technique 
worked  quite  well  and  the  propellant  and  linei’  separated  easily. 

Previous  tests  showed  that  the  very  thin  coating  of  sprayed-on  Teflon 
powder  did  not  prevent  migration  of  mobile  chemical  species  across  the  inter¬ 
face.  That  could  be  important  to  establishing  a  good  bond.  IR  examination 
of  the  propellant  at  the  bond  line  showed  the  presence  of  Teflon  powder. 
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TABLE  1 


Insulation: 

Liner; 


Propellant: 


HTPB  PROPELLANT  BOND  SYSTEM 


TI-R3Q0  (polyisoprone/asbestos) 
TL-H755A 


Ingredient  Wt,  % 


R-45M  ,  41. 85 

DDI  12.  15 

HX-8.38  6.00 

Carbon  Black  40.  00 

100,  00 


TP-H8279  (Mix  G-195,  16  September  1980) 


Ingredient 


Wt.  % 


R-.45M/DDI 

DOA 

HX-752 


ZrC 


AI2O 

AP 


3 


This  information  is 
classified  confidential. 
Data  are  available  under 
Contract  F08635-78-C- 
0073. 
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TABLE  2 


MINIMUM  SMOKE  PROPELLANT  BOND  SYSTEM 


Insulation;  TI-R701  (polylsoprene/Kevlar/Hl  Sll) 

Liner;  TL-H763A 

Ingredient  Wt^  % 


R-45HT  (Flexzone  6H/DTBH)  45.  501 

DDI  10. 094 

HX-868  4.  000 

Carbon  40.  000 

4).,Bi  0,  135 

M.  A.  0.135 

MgO  0.  135 

100, 000 

I 

Propellant;  TP-Q7Q29  (p  =  0.  06125  lb,^  /in,  (Mix  18Q-647) 

Ingredient  '  Wt,  % 


Miniirum  Smoke  Binders  7.50 

Nitrate  Plasticizers  26.  00 

Nitramine  Oxidizer  65.00 

Ballistic  Addith'^es  1. 50 
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-  'S  >'1  C 

n?  R 

<!  0  X  o 

:  CM  o 
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TABLE  4 


BOND  SAMPLES  -  MINIMUM  SMOKE  PROPELLANT 


Sample 


TI-R701 

Thickness 


TL-H763 

Thickness 


TP-Q7029 

Thickness 


Age  Temp 

77OF 


Total  No 
Sample  s 


"A" 

0.  200 

0.020 

0.  875 

5 

5 

1 

bonded 

0.060 

0.  875 

5 

5 

1 

2x2x7/ 8 

Composite 

"B" 

0.  200 

0.  020 

0.  875 

5 

5 

1 

0 

bond  inhib. 

0.060 

0.  87  5 

5 

5 

1 

0 

2x2x7/ 8 

4 

a 

composite 

"C 

0,  05 

_ 

3 

3 

6 

TI-R701 

0.  10 

- 

- 

3 

3 

6 

sheet  - 

0.  20 

- 

- 

3 

3 

6 

6x6  in. 

18 

vxilcanized 

"D" 

place 

block  of 

used 

propellant 

mat'l.in  a 

Electronic  subtraction  of  a  Teflon  spectrum  from  the  propellant  spectrum  was 
satisfuciory  and  that  propellant  data  was  considered  quantitative. 

Thermal  Shock  Debonding 

In  addition  to  the  bond  inhibition  technique  for  examining  the  actual 
interface  between  propellant  and  liner,  another  technique  was  investigated  for 
separating  liner  and  propellant.  A  study  of  this  method  revealed  that  it  is 
only  partially  effective  in  giving  a  "clean"  separation  of  propellant  and  liner. 
If  insulation  is  left  on  the  liner  so  that  the  sample  is  composed  of  insulation, 
liner  and  propellant,  then  the  thermal  shock  method  will  fracture  the  sample 
in  the  propellant.  If  the  insulation  is  removed,  then  no  separation  at  all  is 
achieved.  Thermal  shock  procedure  is  to  submerge  the  sample  in  liquid  nitro 
gen  and  then  remove  the  sample  from  the  liquid  nitrogen  in  a  few  minutes. 

Where  the  sample  did  fracture,  the  break  was  always  in  the  propellant 
with  the  break  occurring  at  about  0.5  mm  into  the  propellant.  Fracture 
appears  to  be  occurring  between  a  hard  layer  and  a  layer  of  normal,  unaffect 
ed  propellant;  the  hard  layer  being  formed  by  migration  of  HX-868  from  the 
liner  into  the  pi’opellant.  This  hard  layer  phenomena  has  been  observed  in 
other  propellant /liner  systems  where  the  Uner  contains  HX-868.  The  surface 
of  the  fracture,  where  fracture  does  occur,  is  rough  and  the  infrared  spec 
trum  shows  large  AP  peaks  and  small  binder  peaks  such  that  the  IR  spectrum 
has  only  marginal  quantitative  value. 

"Bond  Zone"  Study 


At  the  outset  of  this  project,  one  of  the  basic  premises  was  that  there 
was  a  "zone"  in  which  bond  between  Uner  and  propellant  was  established. 

The  "zone"  extends  into  the  propellant  some  finite  distance  beyond  the  actual 
interface  between  Uner  and  propellant.  This  premise  is  based  upon  the  ingre¬ 
dients  in  Uner  having  some  influence  on  the  strength  of  the  propellant  imme¬ 
diately  adjacent  to  the  bond  interface  and  for  some  small  finite  distance  into 
the  propellant.  Such  an  effect  is  normally  attributed  to  a  migratable,  polymer 
izable  specie  such  as  an  aziridine,  principally,  HX-868.  This  influence  of 
Uner  on  propellant  has  been  identified  by  hardness  measurements  and  by 
mechanical  property  measurements  in  other  programs.  (The  effect  is  readily 
observed  in  the  data  presented  here.)  The  principal  thought  here  was  that, 
if  the  chemistry  of  this  "liner-affected"  zone  is  identical  from  the  interface 
into  the  propellant  for  some  measurable  distance,  then  it  is  not  necessary  tij 
actually  sample  propellant  at  the  precise  interface,  but  that  propellant  may  be 
sampled  some  small  distance  away  and  knowledge  of  the  chemical  characteris 
tics  of  the  actual  interface  obtained  by  analyzing  this  propellant.  Following 
are  the  results  of  that  portion  of  this  project  which  was  designed  to  invest! 
gate  this  bond  zone, 

A  sample  in  which  the  bond  had  been  inhibited  by  Teflon  powder  was 
separated  at  the  bond  Une  and  the  infrared  spectra  of  both  the  propellant 
and  liner  taken.  These  spectra  are  shown  on  Figures  2  and  3.  Figure  2  is 
the  propellant  at  that  interface;  Figure  3  is  the  spectrum  of  the  liner  at  that 
interface.  The  influence  of  the  liner  on  the  propellant  binder  can  readily  be 
seen  in  Figure  2  with  three  peaks,  appearing  between  1700  and  1400  wave 
numbers,  that  are  not  normally  a  part  of  the  propellant  binder  spectrum  or 
are  a  very  minor  part  of  that  spectrum.  In  both  the  liner  and  the  propellant, 
tliese  three  peaks  were  very  prominent.  This  very  strongly  infers  that  tin' 


24 


Figure  2.  Spectrurr  of  TP-H8279  Propellant  at  Propellant /Liner  Interface 
Teflon  Bond  Release  Subtracted 


chemistries  on  both  sides  near  the  bond  line  between  prop  dlant  and  liner  are 
very  close  to  the  same  and  that  HX-868  (from  the  liner)  has  migrated  into  the 
propellant.  This  is  certainly  not  a  now  revelation  but  there  is  now  spectral 
evidence  of  that  migration. 

The  snectral  influence  of  Teflon  has  been  subtracted  from  the  spectra  of 
propellant  and  liner  in  Figures  2  und  3.  Subtraction  of  the  Teflon  is  mo.v,- 
cleanly  accomplished  with  propellant  than  with  liner. 

Infrared  spectrum  of  the  propellant  at  1  mm  from  the  bond  line  (where 
the  bond  was  inhibited)  reveals  that  most  of  the  liner  influence  on  the  br'.der 
spectrum  has  disappeared  (see  Figure  4).  IR  spectrum,  Figure  5,  of  tl  -  same 
propellant  15  mm  from  the  liner /propellant  interface  reveals  approximatelj^  the 
same  chemistry  in  the  ''liner  influence  region"  as  the  propellant  at  1  mm  from 
the  propellant /liner  interface.  The  relative  amounts  of  plasticizer,  DOA ,  in 
the  propellant  at  1  mm  and  at  15  mm  from  the  liner  are  considerably  different 
with  there  being  less  DOA  in  the  propellant  at  1  mm  from  the  liner. 

Rather  than  electronically  subtracting  the  spectral  influence  of  To  Hon  from 
the  spectrum  of  propellant,  an  allornate  method  would  bo  to  scrape  tlic 
Teflon  from  the  sample  before  the  spectrum  is  taken.  I  bis  techniciue  does 
work  and  the  Teflon  can  be  removed  from  the  propellant;  but,  in  the  process, 
the  AP  particles  at  the  surface  of  the  propellant  are  disturbed  and  broken, 
thereby  leaving  a  very  thin  layer  of  AP  powder  on  the  surface  of  the  propellant 
and  the  AP  then  dominates  the  infrared  spectrum  of  propellant.  This  is 
revealed  in  Figure  6,  where  the  organic  portions  of  that  spectrum  are  very 
small  while  the  AP  contribution  into  the  spectrum  is  exceedingly  large.  The 
actual  surface  of  propellant  at  the  bond  interface,  where  a  mold  release  has 
been  used,  leaves  the  propellant  in  a  binder-rich  condition.  This  binder  film 
is  exceedingly  thin,  but  it  does  furnish  an  excellent  spectrum  of  the  binder 
as  displayed  in  Figure  2.  Scraping  the  surface  with  a  razor  blade  disturbs 
the  binder-rich  film  and  breaks  AP  particles  and  deposits  thin  film  of  very 
small  particle  AP  on  the  surface,  thus  reducing  the  spectrum  of  the  organic 
portion  of  the  propellant.  This  is  not  a  good  technique  to  use  for  removing 
Teflon  from  the  surface. 

The  spectral  influence  of  Teflon  on  propellant  can  be  soen  in  Figure  7. 

The  two  very  large  peaks  located  at  1150  and  1200  cm"^  are  the  major  peaks 
of  Teflon  with  snaller  peaks  being  located  at  510,  550,  an  i  640  (an  i .  Teflon 
does  not  have  a  spectral  absorption  in  the  region  above  1300  cm  1;  therefore, 
it  does  not  interfere  with  the  spectrum  of  propellant  in  the  "liner  influence" 
area  which  occurs  between  1400  and  1700  cm"l. 

A  spectrum  of  propellant  at  the  propellant /liner  interface  where  the 
bond  was  inhibited  with  Teflon  powder  is  given  in  Figure  8.  This  spectrum 
shows  the  influence  of  Teflon  and  should  be  compared  with  the  spectrum  shown 
on  Figure  2.  As  can  be  seen,  subtraction  of  a  Teflon  spectrum  from  the 
spectrum  of  propellant  is  uncertain  and  should  not  be  done  if  the  spectrum  is 
to  be  used  quantitatively.  An  electronic  subtraction  is  certainly  acceptable 
for  qualitative  data. 
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Figure  5.  Spectrum  of  TP-H8279  Normal  Propellant  15  mm  from  Liner,  No  Bond 
Release,  Ambient  Storage. 


PigTire  6.  Spectrum  of  TP-H8279  Propellant  at  Liner  Surface,  Teflon  Bond  Release 
Scrapea  off.  Ambient  Storag?e. 
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Figure  1.  Spectrum  of  TP-H8279  Propellant  at  Propellant /Liner  Interface  with 


Figure  8.  Spectrum  of  TL-H755A  Liner  at  Propellant /Liner  Interface  with  Mold  Release 


The  removal  of  Teflon  by  scraping  the  liner  side  removed  the  Teflon 
as  effectively  as  it  did  from  propellant,  but  it  also  disturbed  the  thin  binder 
rich  film  at  the  interface  and  exposed  carbon  particles  at  tliat  surface.  The 
carbon  particles  are  very  strong  infrai*ed  absorbers  and  this  resulted  in  a 
very  weak  spectrum  with  almost  no  detail.  Almost  all  of  the  infrared  energy 
was  absorbed  and/or  dispersed  by  the  carbon  particles. 

Infrared  spectra  were  also  made  of  samples  of  propellant  taken  from 
those  bond  specimens  where  the  liner /propellant  bond  had  been  allowed  to  form. 
Propellant  0.5  mm  away  from  the  bond  line  where  the  liquid  nitrogen-thermal 
shock  method  was  used  and  where  a  sample  was  microtomed,  revealed  approxi 
mately  the  same  spectral  influence  of  the  liner.  Where  the  thermal  shock 
mcLhod  had  been  used  to  separate  the  propellant  from  the  liner,  the  spectral 
influence  of  ammonium  perchlorate  was  exceedingly  large  because  fracture  had 
taken  place  such  that  AP  particles  were  exposed  over  the  entire  surface. 

Where  the  propellant  was  microtomed,  the  spectral  influence  of  AP  was  much 
less  and  the  binder  part  of  the  propellant  was  more  easily  observed.  Infrared 
spectra  of  these  samples  and  of  the  propellant  where  the  liner /propellant  bond 
had  been  inhibited  all  showed  approximately  the  same  spectral  influence  of  the 
liner.  There  is  an  indication  that  the  Teflon  powder  promoted  the  migration 
of  HX-868  from  liner  into  propellant.  This  conclusion  is  reached  by  comparing 
the  heights  of  the  peaks  in  the  "liner  influence"  area  in  the  two  types  of 
samples;  i.e.,  the  bond-inhibited  and  the  bonded  samples  at  identical  locations 
from  the  liner /propellant  interface. 

Gel /Sol  Separation  Procedures  for  Insulation  and  Liner 
Insulation 

Insulation  is  an  integral  part  of  the  structure  making  up  the  rocket  motor. 
Examination  of  vulcanized  insulation  by  infrared  is  not  possible  using  a  see- 
through  technique,  for  obvious  reasons,  and  is  also  not  possible  using  an  ATR 
technique  because  invariably  the  surface  of  insulation  is  too  rough  to  present 
enough  surface  to  the  IRE  of  the  ATR  unit  for  a  useful  spectrum.  The 
modulus  of  insulation  is  also  generally  too  high  to  allow  the  insulation  to  be 
"squeezed"  against  an  IRE  so  that  a  useful  infrared  spectrum  can  be  made.  It 
is  then  essential  that  a  technique  be  developed  wherein  some  portion  of  the 
insulation  could  be  examined  to  determine  the  effect  of  aging  upon  the  insula 
tion  and  its  chemistry. 

A  technique  for  determining  the  sol/gel  fraction  of  Tl-R30()  insulation 
was  developed.  The  technique  is  identical  to  that  used  for  propellant  wherein 
the  sample  of  insulation  is  extracted  continuously  for  24-hour  period  in  a 
Sohxlet  extractor  using  methylene  chloride  as  the  solvent.  Table  5  gives  tlio 
results  of  the  gel/sol  separation  experiments  and  shows  that  the  binder 
recovery  for  the  insulation  is  quite  good  and  is  equivalent  to  binder  recovery 
applying  the  same  technique  to  propellant.  Both  the  vulcanized  and  the  un- 
vulcanized  insulation  gave  identical  or  nearly  identical  binder  recovery 
fractions.  During  vulcanization,  the  sol  fraction  of  the  insulation  went  from 
approximately  41%  down  to  approximately  1.9%. 

In  addition  to  giving  information  on  changes  to  the  gel/sol  ratio  during 
aging,  this  procedure  also  furnished  the  sol  fraction,  a  portion  of  the  insula¬ 
tion  that  could  be  used  for  IR  examination  and,  thus,  for  correlation  of  ?R 
changes  with  bond  property  changes. 
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TABLE  5 


GEL/SOL  SEPARATION  OF  TI-R300 


Formulation  Binder  Quantity  =  51,72% 
Formulation  Filler  Quantity  =  48,  28% 

100.00% 


Unvulcanized  TI-R300 

1 

2 

Sol.  % 

40.  76 

40.  93 

Gel.  % 

10.  36 

10.  55 

Total  Binder,  % 

51.  12 

51.48 

Binder  Recovery,  % 

98.  84 

99.  52 

Vulcanized  TFR300 

(Vulcanized  2  hours  at  225°F 
plus  bake -out  5  days  at  ITQOF) 


1 

2 

3 

4 

Sol,  % 

1.  87 

1.  79 

1.  97 

2.  25 

Gel.  % 

49.44 

49.43 

49.  43 

49.  40 

Total  Binder,  % 

51.  31 

51.  22 

51.40 

51.  74 

Binder  Recovery,  % 

99.  21 

99.  03 

99.  38 

100.  04 

Linei’ 


The  two  liners  being  ussecl  in  this  program;  TIj-H755A  and  TI(-H7()3A, 
were  subjected  to  a  gel/sol  separation  in  order  to  assure  that  our  current 
techniques  would  give  sfiiisfactory  results.  Results  of  the  gel/sol  separation 
for  these  two  liners  are  ^ven  in  Tables  6  and  7.  The  technique  for  separnt 
iug  the  sol  and  the  gel  fractions  of  liner  works  well  and  gives  quite 
reproducible  results.  These  expeinments  conclude  our  planned  effort  for 
gel /sol  separation  sttidies  and  we  have  identified  a  sati.‘".fuctory  method  for 
accomplishing  this  separation. 

Statistioal  Kvaluation  of  the  Harrick  ATR  Unit 

A  set  of  experiments  was  run  to  evaluate  the  Harrick  ATR  unit  and 
three  internal  reflection  elements  (IRE).  Internal  reflection  elements  were 
aiude  of  KR.S-5,  ^inc  selenide,  and  germanium.  In  this  experiment,  three 
specimens  were  taken  from  the  same  sample  of  propellant  and  one  specimen 
used  with  one  IRE  in  the  Harrick  ATR  unit.  Six  replicate  spectra  were 
made  with  eap^i  of  the  IRE’s.  All  spectra  were  made  at  resolution  4  with  1000 
scans  per  spectrum  and  the  data  collected  in  double  precision.  Spectra  wci'(' 
reduced  using  computer  program  E490  and  the  spectra  normalized  at  2850  cm'^ 
Four  peaks  were  selected  in  each  of  the  spectra  and  the  heights  of  those 
peaks  used  in  the  statistical  analysis.  The  data  employed  in  the  statistioal 
analysis  is  displayed  in  Table  8.  The  averages  and  standard  deviations  of 
replicates  for  the  Harrick  ATR  data  of  Table  3  are  summarized  in  Tables  9 
and  iO.  Since  each  of  the  IRE's  has  its  own  characteristic  spectral  influence, 
there  is  no  reason  why  the  averages  of  u  given  wave  number  should  bo  the 
same  for  the  different  types  of  IRE’s  so  that  the  data  are  not  cross-corr datable 
but  are  correlatable  within  a  group  for  a  single  IRE.  The  results  of  this 
analysis  are  summarized  as  follows: 

1)  The  precision  of  units  with  the  zinc  selenide  and  germanium 
IRE's  is  generally  better  than  that  with  the  KRS-5.  For  the 
two  lower  wave  number  groups,  the  differences  are  statistically 
.significant. 

2)  With  the  KRS  5  unit,  the  precision  degrades  (relative  variation 
becomes  larger)  with  decreasing  wave  number  (increasing  wave 
length).  This  was  not  apparent  with  the  other  two  IRE's,  nor 
was  it  with  the  Barnes  Engineering  ATR  unit. 

3)  The  precision  of  the  Harrick  ATR  with  the  germanium  or  zinc 
selenide  IRE  is  comparable  to  the  Barnes  ATR  unit  with  the 
"collect"  parameters  set  at  resolution  4,  double  precision 

and  1000  scans  (i.e,,  coefficient  of  variation  is  from  0.20%  to 
1,5%  dependlrg  upon  wave  number  or  height). 

Since  we  had  equivalent  data  taken  at  the  same  set  of  conditions  for 
the  Barnes  ATR  unit  with  its  KRS-5  prism,  it  was  of  interest  to  compare 
the  standard  deviation  of  this  Bai'nes/KRS-5  unit  with  the  three  sets  of  data 
taken  with  the  Harrick  ATR  unit.  A  summary  of  the  standard  deviations  at 
the  four  wave  numbers  is  given  in  Table  11.  These  data  reveal  which  of 
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TAHI.I-;  G 


GEL/SOL  SEPARATION  OF  LINER 
(TL-H755A/UL-05680) 


Sol  in 


Sample  No. 

Recovery 

% 

Line  r, 
% 

i 

100.43 

7.  16 

2 

99.  .30 

6.77 

3 

99.  68 

6.91 

Average 

99.  80 

6.95 

Sol  in 
Binder, 
_% 

Gel  in 
Line  r, 

% 

Gel  in 
Binder 

% 

12.  85 

48.  58 

87.  15 

12.  28 

48.  34 

87.  72 

12.  50 

48.  41 

87.  50 

12.  54 

48.44 

87.  46 

17  5‘jA  Formulation 


R-45M 

DDI 

HX-868 

Thermax 


42.  44% 
11.  56 
6.00 
40.  00 
100.  00% 


Dindvir  55,  50%  (includes  25%  of  HX-868) 

Extractable  4.  50  (75%  of  HX-868) 

Solids  40. 00 

100.  00% 
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TAB  LIS  7 


GEL/ SOL  SEPARATION  OF  LINER 
(TL-i{763A/LM-23926) 


Sol  in 


Sample  No. 

Recovery, 

% 

liner, 

% 

1 

100.  18 

14.  74 

2 

99.45 

14.  38 

3 

99.  49 

14.  15 

4 

99.43 

14.  29 

Ave  rage 

99.64 

14.  39 

Sol  in 
Binder, 

% 

Gel  in 
Liner, 

% 

Gel  in 
Binder 

% 

20.  84 

55.  97 

79.  16 

20.48 

55.  81 

79.  52 

20.  15 

56.  07 

79.  85 

20.  36 

55.  89 

79.64 

20.46 

55.  94 

79.  54 

TL-H763A  Formulation 


R-45HT 

DDI 

HX-868 

Thermax 

DQC 


56.  53% 
13.  05 
4.00 
26.  00 
0.42 
100.  00 


Binder  70.  58%  (includes  25%  of  HX-868) 

Extractables  3.  28  (includes  75%  of  HX-868  and  67%  of  DQC) 

36.  14  (includes  33%  of  DQC) 

100.  00% 
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TABLE  9 


FTIS  STUDY  -  SUMMARY  OF  AVERAGES 
(Harrick  AIR  -  6  Replicates  per  Average) 

IRE  Type 


KRS-5 

znjje 

Wave  j 

Number,  cm 

-r  ,  - 

— 

- 

— 

Xin 

X 

Hn 

X 

X 

3.  0744 

21 . 637 

4.  0688 

58.  487 

3.  8919 

49.  004 

1737-1739 

2. 8422 

17. 153 

3.7671 

43.  254 

3.  6724 

39.  346 

1236-1239 

1. 6618 

5.  269 

2.2451 

9.441 

2.  1681 

8.742 

909-  912 

2. 6756 

14. 521 

3. 5788 

35.  831 

3.  5805 

35.  891 

TABLE  10 

FTIS  STUDY  -  SCIMMARY  OF  STANDARD  DEVIATIONS 
(Harrick  ATR  -  6  Replicates  per  Group) 


Wave  ^ 

Number,  cin 

IRE  TYPE 

KKS-5  ZnSe 

Ge 

Std.  Dev. 
in  units  x  10^ 

Std.  Dey. 
in  units  x  10^ 

Std.  Dev.  2 
in  units  x  10 

2923-2929 

0.445 

0.  192 

0.  370 

1737-1739 

0.768 

0.  531 

1.  517 

1236-123<) 

2.  208 

0.  552 

1.  140 

909-  912 

2.  237 

0.  793 

0.  279 
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TABLE  11 


STANDARD  DEVIATION  AND  GENERAL  RANKING  OF  VARIOUS 

AT R/ IRE  COMBINATIONS 


_ Standard  Deviation  at  Wave  Number _ 

2929  cm"^  1738  cm“^  1236  cm"^  912  cm“^ 


General 

Ranking 


B/KRS-5 

0.315 

2.  154 

0.  788 

0.  364 

3 

H/KRS-5 

0.445 

0.768 

2.  208 

2.  237 

4 

Il/ZnSe 

0. 192 

0.  531 

0.  552 

0.  79i 

1 

1  l/Ge 

0. 370 

1.  5  17 

1.  140 

0.  279 

2 

Shere:  RES  =  4 

NSS  =  1000 
WDS  =  DP 


the  four  combinations  of  IRE  and  ATR  unit  can  be  expected  to  give  tho 
spectra  with  the  least  variance.  The  general  ranking  is  slmwn  in  tiu'  tahlr 
and  places  the  Harrick  unit  with  /inc  solonide  ns  the  first  choice,  followed 
closely  by  the  Harrick  unit  with  germanium  and  the  Barnes  unit  with  KRS-5. 
There  is  statistically  little  or  no  difference  in  these  three  units,  but  the 
Harrick  unit  with  the  KRS-5  IRE  is  last  in  this  general  ranking  by  a  large 
margin. 

One  of  the  conclusions  concerning  the  effect  of  peak  height  on  the 
variance  of  spectra  was  that  the  greater  the  peak  height,  the  less  the 
variance;  i.e.,  the  less  influence  the  electronic  noise  in  the  FTS-10  had 
upon  the  spectrum.  Since  the  noise  is  more  or  less  a  fixed  value,  then  the 
greater  the  energy  passing  through  the  instrument,  the  less  the  relative 
proportion  the  noise  contributes  to  the  spectrum.  It  was  then  of  interest 
to  see  which  of  the  four  combinations  of  ATR  and  IRE's  would  pass  the 
greatest  amount  of  energy.  A  single-beam  spectrum  was  made  from  each 
of  the  four  combinations.  These  four  single-beam  spectra  are  plotted  on 
Figure  9  and  reveal  that  the  Harrick  unit  with  the  zinc  selenide  passes  the 
most  energy  and  it  is  followed  by  the  Harrick  unit  with  the  germanium  and 
the  KRS-5  IRE's.  The  least  amount  of  energy  was  transmitted  by  the 
Barnes  unit  with  the  KRS-5  prism.  Since  the  amount  of  energy  transmitted 
through  an  IRE  is  a  characteristic  of  the  material  of  construction  and  directly 
proportional  to  the  surface  condition  of  the  IRE,  it  is  understandable  that  tho 
Barnes  unit  with  its  KRS-5  prism  should  pass  the  least  amount  of  energy. 
That  particular  KRS-5  prism  has  been  used  the  most  and  its  surface  condition 
is  the  poorest;  i.e.,  it  is  scratched  and  dented.  The  Harrick  IRE's  have  not 
been  used  and  they  are,  by  far,  in  the  best  condition  of  the  four  units. 
However,  the  ranking  among  the  Harrick  IRE's  is  significant  in  that  they  are 
arranged  in  the  same  order  as  the  standard  deviation /general  ranking  on 
Table  11. 

Based  on  the  data  in  Figure  9  and  on  Table  11,  we  selected  the  Harrick 
ATR  unit  with  the  zinc  selenide  IRE  as  the  standard.  Zinc  selenide  as  an 
IRE  material  has  one  other  distinct  advantage;  it  is  approximately  four  times 
harder  than  KRS-5  and  is,  therefore,  less  subject  to  scratches  and  dent.s. 

IR  Spectrum  of  Minimum  Smoke  Propellant 

Figure  10  is  an  infrared  spectrum  of  TP -Q 7029  propellant  made  by  the 
standard  ATR  technique,  A  study  of  this  spectrum  revealed  several  serious 
problems  to  resolve  before  the  IR  spectra  of  minimum  smoke  propellant  would 
be  quantitatively  useful  for  correlations  with  mechanical  property  changes. 

The  most  serious  problem  was  that  of  normalizing  the  spectrum.  The 
usual  procedure  for  HTPB  propellants  was  to  normalize  using  a  peak  in  the 
-CH2-  region;  i.e.,  around  2900  cm'^.  This  peak  in  the  spectrum  on  Figure 
10  is  only  11  units  while  the  peaks  in  the  low  wave  number  end  of  the  spec¬ 
trum  are  near  200  magnitude.  IR  peaks  for  quantitative  purposes  should 
have  a  magnitude  between  20  and  80  absorbance  units  and  not  beyond  100. 
Peaks  in  the  Figure  ^0  spectrum  that  are  near  200  absorbance  units  are  well 
beyond  the  quantitative  limits,  while  in  the  usual  normalizing  region  (2900 
cm'l)  the  peak  is  only  11  units  so  that  it,  too,  was  not  useful. 
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Figure  10.  Infrared  Spectrum  of  TP-Q7029  Propellant. 


Anothex’  serious  problem  was  that  there  were  apparently  no  binder  peaks 
which  were  free  of  the  influence  of  HMX  and  nitratoplasticizer . 

Potential  solutions  were: 

1)  Locate  binder  peaks  where  tl;e  nitratoplasticizers  and 
nitraniine  oxidizers  do  not  interfere. 

2)  Make  the  IR  spectrum  of  the  propellant  go]  fraction 
after  a  gel/sol  separation  has  been  performed. 

An  infrared  spectrum  was  made  of  a  small  piece  of  minimum  smoke  pro 
pellant ,  TP  Q7029,  that  had  been  through  a  gel/sol  extraction  using  acetone. 
HMX  and  the  three  nitratoplasticizers  present  in  TP -Q 702 9  propellant  are 
soluble  in  acetone.  The  spectrum  of  the  gel  fraction  is  displayed  in  Figure  11. 
Comparing  this  spectrum  with  Figure  10  reveals  that  there  are  some  outstand 
ing  differences  and  it  appears^that  the  spectrum  shown  on  Figure  11  is  free 
of  the  spectral  influences  of  HMX  and  the  plasticizers.  The  separation  was 
effective  and  this  technique  for  taking  the  infrared  spectra  of  the  aging 
minimum  smoke  propellant  was  chosen. 

IR  Data  Collection  Parameters 


Evaluation  of  FTS- 10  "Collect"  Parameters 


One  of  the  work  items  of  Task  1  was  to  perform  a  statistical  analysis 
of  the  "collect"  parameters  used  for  accumulating  the  infrared  information 
and  to  establish  the  set  of  parameters  which  will  give  statistically  sound 

FTS-10  collect  parameters  examined  were:  resolution,  word  size,  and 
number  of  scans  to  be  co-added  by  the  computer.  Three  resolutions  values 
sel?'  .d  for  evaluation:  2,  4,  and  8  cm"l.  In  the  word  size  category, 
ti'.ere  v;.,r  .  two  levels  of  variable,  single  precision  and  double  precision. 

;'’or  the  number  of  scans  to  be  co-added,  we  selected  250,  500,  and  1000. 
These  variables  were  input  to  a  computer  program,  entitled  "COED",  that 
designed  an  experiment  to  determine  the  interactions  among  the  three 
variables  and  to  aid  in  selecting  the  set  of  conditions  to  provide  the  best 
spectral  information.  The  experiment  designed  by  COED  is  given  in  Table  12. 

The  first  four  experiments  constituted  the  minimum  effort,  and  those 
four  experiments  were  performed. 

Inf'-  .  od  s.H  'a  of  propellant  TP-H8279  were  run  using  the  Barnes 
Engineai'ing  atto  xuate-d  total  reflectance  (ATR)  unit  with  its  KRS-5  internfxl 
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Fi^re  11.  IR  Spectrum  of  the  Gel  Fraction  of  TP-Q7029  Propellant 


TAm-l;:  12 


EXPERIMENT  DESIGN  FOR  ANALYSIS  OF 
FTS-IO  "COLLECT"  PARAMETERS 


Number  of  Variables: 

Independent  Variable  Names: 

Variable  No.  1 
Variable  No.  2 
Variable  No,  3 

Dcsipn  Space  and  Levels: 

For  each  variable,  specify 

RES 

WDS 

NSS 


3 

Resolution  (RES) 

Word  Size  (WDS) 
Number  of  Scans  (NSS) 


number  of  levels: 

2  4  8 
0  1* 

250  500  1000 


The  first  4  Expts.  constitute  minimum  effort. 


RES  = 


1  8 

2  2 

3  4 

4  8 

5  4 

6  4 

7  8 

8  2 

9  8 

10  4 

11  4 


WDS  =  X» 

0 

0 

1 

1 

0 

0 

0 

0 

1 

1 

1 


0  =  Single  Precision;  1  =  Double  Precision 


reflcctaiico  element  (IRK).  The  I'csolutlon,  wor<J  size,  iind  numlxM*  oC  seims 
per  sample  were  varied  it»  the  teat  .series  to  measure  their  olToct ,  if  any.  on 
the  precision  of  the  data  from  the  FTIS  instrument.  Four  sets  of  conditions 
were  examined  and  for  each  set  of  conditions  a  separate  sample  of  propellant 
was  used  such  that,  within  each  set  there  were  six  replicate  spectra  made, 
all  at  identical  conditions.  The  digital  spectral  data  were  all  reduced  usini.', 
computer  program  E490  that  had  been  modified  to  accept  and  reduce  data  a( 
resolutions  of  2  and  4  wave  numbers  in  double  as  well  us  single  precision. 
The  height  of  peaks  at  five  wave  numbers  were  analyzed  to  deter.nii  e  the 
reproducibility  of  peak  height  among  each  of  the  sets  of  six  repLcaie  spectra 
Peak  heights  and  variables  employed  for  this  set  of  tests  are  shown  in  Table 
13. 


An  analysis  of  variance  and  a  regression  analysis  on  the  standard 
deviation  of  the  replicates  were  calculated  from  the  data  of  Table  13  to 
measure  the  effect  of  resolution,  word  size,  and  number  of  scans  on  the 
peak  height  within  a  wave  number  and  the  precision  as  measured  by  the 
within- group  standard  deviation.  Averages  for  the  values  at  each  of  the 
wave  numbers  are  summarized  on  Table  14  and  the  standard  deviations  for 
these  values  are  given  in  Table  15.  Natural  logarithms  were  used  in  the 
ealculat.ion  so  that  direct  relative  comparisons  can  be  made. 

Note  on  Table  13  that  there  are  some  abnormally  low  values  for  the 
peak  in  the  772-776  cm‘1  region  in  data  set  2  (that  set  having  resolution  of 
2,  single  precision,  and  250  scan-s).  This  was  somewhat  puzzUng,  so  the 
infrared  .spectra  in  this  region  wore  plotted  to  determine  why  those  three 
values  are  sc  greatly  different  from  the  other  three  values.  All  six  8ample.s 
in  this  data  set  were  plotted  in  the  region  640-870  cm'l  and  the  plots  are 
shown  in  Figure  12.  Data  tabulated  in  Table  13  shew  that  replicates  2,  3, 
and  6  hud  abnormally  low  values.  Examination  of  these  three  spectra  in 
Figure  12  reveals  that  they  are  greatly  different  from  the  spectra  for  repli¬ 
cates  1,  4,  and  5... the  difference  being  that  the  peak  at  the  775  cm'l  region 
is  split  in  the  case  of  spectra  2,  3,  and  6  and  not  split  for  the  other  three 
spectra.  The  infrared  data  reduction  program  (E490)  establishes  a  baseline 
for  each  peak  for  the  purpose  of  measuring  peak  height  by  "drawing  a  line" 
from  minimum  to  minimum  on  eitPer  side  of  the  peak  or  from  minimum  to 
tangency  point  on  either  side  of  the  peak.  If  one  draws  baseline  for  each 
of  the  six  spectra  in  Figure  12,  it  is  obvious  why  the  776  cm -I  peak  in 
spectra  2,  3,  and  6  will  have  very  small  peak  heights  while  the  peak  height 
for  spectra  1,  4,  and  5  will  be  of  significantly  greater  magnitude.  This  not 
only  explains  why  there  were  two  families  of  peaK  heights  in  that  data,  but 
also  points  out  an  undesirable  condition  that  would  exist  with  spectra  made 
at  resolution  2  at  a  relatively  small  number  of  scans.  The  split  in  the  peak 
height  at  776  cm“l  occurred  50%  of  the  time  and  not  50%  of  the  time.  The 
inagnitr.Ue  of  the  "split"  peaks  is  approximately  the  magnitude  of  the  elec 
tromc  noise  that  occurs  elsewhere  in  the  spectrum.  This  is  apparent  by 
examining  the  variation  among  the  six  spectra  in  the  800-825  cm’l  region. 

The  results  of  this  analysis  are  summarized  as  follows: 

1)  The  effect,  if  any,  of  word  size  (double  or  single  precision) 
could  not  be  distinguished  from  experimental  error. 
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FTIS  STUDY  -  SUMMARY  OF  AVERAGE; 

ATR,  6  Replicates  per  Average) 
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Figure  12.  Spectral  Region  870-640  cm'^  at  RES  -  2, 

WDS  -  SP„  NSS  -  250  (Plots  are  not  normalized). 
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2)  The  best  precision  occurs  when  there  are  1000  scans  per 
sample  (this  is  supported  by  regression  analyses  where 
"scans  per  sample"  was  the  only  statistically  significan 
factor) . 

3)  There  is  evidence  (although  not  highly  significant)  that 

the  higher  numbered  resolutions  improved  the  test  precision. 

4)  The  relative  precision  depends  upon  the  peak  height  or  wave 
number.  The  best  precision  occurs  with  the  highest  average 
hr!ght,  while  the  worst  is  with  the  lowest  average  height. 

The  coefficient  of  variation  at  heights  of  35  to  39  ranged 
from  0.23%  to  0.66%,  while  those  at  heights  of  2.5  to  2.8 
ranged  from  0.85%  to  about  15%  (set  2  at  772-776  cm"l). 

Based  on  this  summary,  we  concluded  that  resolution  2  should  not  bo 
considered  in  accumulating  infrared  data  for  the  purposes  of  this  project  or 
for  the  purposes  of  following  the  aging  of  propellant.  The  reasoning  here 
is  there  are  too  many  data  to  conveniently  an^yze  and,  based  upon  the 
statistical  analysis,  these  data  are  more  subject  to  the  effects  of  electronic 
noise  and  unknown  variability  than  data  gathered  at  a  lesser  resolution. 

Word  size  of  double  precision  will  not  be  employed  since  there  seems  to  be 
no  benefit  from  using  double  precision  word  size. 

There  is  no  clear-cut  distinction  between  resolution  4  and  resolution  8, 
so  additional  experimentation  was  performed  to  make  this  decision.  A  two- 
variable  experiment  was  run  in  which  the  two  variables  were  resolution  (4 
and  8)  and  number  of  scans  per  sample  (250,  500,  and  1000).  This  six- 
experiment  matrix  was  replicated  six  times. 

Data  for  this  statistical  analysis  were  collected  using  the  Harrick  ATR 
unit  with  its  zinc  selenide  (ZnSe)  internal  reflection  element  (IRE).  Other 
fixed  conditions  of  the  data  collection  were  word  size  of  single  precision; 

UDR  =  2;  ZFF  =  1;  DPM  =  P.  Four  wave  numbers  were  selected  and  peak 
heights  at  these  wave  rumbers  were  statistically  compared.  Examples  of  the 
spectra  used  in  this  analysis  are  shown  on  Figures  13  and  14.  On  Figure 
13,  the  spectrum  is  at  a  resolution  of  8,  while  on  Figure  14  the  resolution  of 
the  spectrum  is  at  4.  Infrared  peaks  from  which  the  data  were  taken  for 
the  statistical  analysis  are  identified  by  arrows.  All  of  the  raw  d^.ta  used 
in  the  analysis  are  displayed  in  Table  16.  An  analysis  of  this  data  is 
presented  in  Table  17. 

A  review  of  those  data  revealed  that  the  greatest  change  in  the  magni¬ 
tude  of  any  peak  occurred  prior  to  the  third  replicate  in  each  of  the  sets, 
although  there  were  some  exceptions  to  this  observation.  This  change  in 
magnitude  was  due  to  "flow"  of  the  sample  in  the  ATR  unit.  In  order  to 
obtain  a  good  spectrum  of  a  solid,  using  an  ATR  technique,  the  sample  is 
placed  next  to  the  IRE  and  pressure  is  applied  to  the  sample  retaining  plate 
to  hold  the  sample  firmly  against  the  IRE.  Because  propellant  is  visco¬ 
elastic,  it  will  cold-flow  and  as  it  does  so,  the  binder,  and  particularly  the 
sol  portion,  will  flow  around  ammonium  perchlorate  particles  so  that  the 
magnitude  of  the  organic  poi’tion  of  the  spectrum  increases  slightly  with  time. 
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Figure  14.  Infrared  Spectrum  of  AMRAAM  Propellant;  for  "Collect”  Parameters  Study, 


TABLE  16 


ABSORPTION*  DATA  FOR  VARIANCE  ANAI.YSIS 


Absorption  at  Wave  Number 


NSS 

RES  Replicate 

2923-2929 

1737-1739 

1236-1244 

772-776 

■  V  , 

250 

8 

1 

36.  818 

24.  705 

5.041 

1.910 

2 

36.  960 

25.  089 

5.  177 

1.  842 

3 

36.780 

25.  018 

5.  114 

1.  548 

4 

36.718 

25.  121 

5.  121 

2.  061 

5 

36.  854 

25.  135 

5.  250 

1.941 

> 

6 

36.  861 

25. 153 

5.  184 

2.  OCO 

]  ' 

500 

8 

1 

36.  878 

24.  565 

4.  949 

1.795 

2 

36.  837 

25. 150 

5.  181 

1.995 

i 

3 

37.  074 

25.  230 

5.  178 

2.  010 

4 

36.  846 

25.  189 

5.  187 

1.906 

5 

36.  871 

25.  233 

5.  178 

1.  786 

6 

36.  888 

25.  254 

5.203 

2.  057 

1000 

8 

1 

36.  782 

24.  653 

4.932 

1.958 

2 

36.  857 

25.  144 

5.  124 

1.953 

^  ■  • 

3 

36.919 

25.  205 

5.  179 

2.034 

4 

36.  860 

25.  217 

5.  188 

1.  577 

5 

36.785 

25.  203 

5.  222 

1.496 

6 

36.  832 

25.  253 

5.211 

1.  720 

1 

250 

4 

1 

37.377 

25.082 

5.087 

1.  018 

2 

37.  494 

25.  860 

5.  277 

1.950 

•v! 

3 

37.  586 

26.  011 

5.  225 

1.  852 

4 

37.  603 

26.  045 

5.  180 

2.013 

*  •u 

5 

37.784 

26.  164 

5.  260 

2.  041 

ij 

6 

37. 650 

26.  128 

5. 141 

2.  340 

600 

4 

1 

37.  189 

25.  154 

4,988 

2.087 

2 

37.  447 

25.796 

5,  130 

1,052 

3 

37.526 

25.  938 

5.  179 

1.  320 

■ 

4 

37.505 

25.  978 

5.  254 

1.  681 

5 

37.555 

26.  003 

5.  134 

1.895 

z 

6 

37. 557 

26.  027 

5.  217 

1.886 

i  1000 

4 

1 

37.329 

25.  294 

4.936 

2.493 

N 

2 

37.367 

25.  829 

5.  121 

1.861 

;;v 

3 

37.431 

25.  900 

5.  143 

1.841 

4 

37.451 

25.  963 

5.  138 

1.942 

. 

5 

37.463 

25.  978 

5.  162 

2.018 

6 

37.472 

26.  025 

5.198 

1.  850 

:  *Harr 

ick  ATR/ZnSe 

IRE 

i 

p 

=  WDS 

=  SP;  UDR  = 

2;  ZFF  = 

1;  DPM  =  P 
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table  17 


VARIANCE  OF  IR  SPECTRA 
(All  6  spectra  included  in  each  set) 


IdentiEcatlon 

Value  at  Wave  Number 

NSS 

RES 

of  Value 

2923-2929 

1737-1739 

1236-1244 

772-776 

250 

8 

Avg.  absorp. 

36.  832 

25.  037 

5. 148 

1.884 

Std.  deviation 

0.  08198 

0.  16935 

0.  07194 

0.  18076 

%  Std«  Deviat. 

0.  222 

0.  676 

1.  397 

9.  596 

500 

8 

Avg,  absorp. 

36.  899 

25. 103 

5. 146 

1.925 

Std,  deviation 

0.  08789 

0.  2664 

0.  0970 

0. 1150 

%  Std,  Oeviat, 

0.  238 

1.061 

1.884 

5.  975 

1000 

8 

Avg,  absorp. 

36.  839 

25.112 

5, 143 

1.790 

Std,  deviation 

0. 0517 

0.  2278 

0. 1087 

0.  2241 

%  Std.  Devlat. 

0. 140 

0.  907 

2. 113 

12.  520 

250 

4 

Avg,  absorp. 

37.  582 

25.  882 

5.195 

1.869 

Std,  deviation 

0,  1383 

0. 4059 

0.  0730 

0.  4479 

%  Std,  Deviat, 

0.  368 

1.568 

1.406 

23. 966 

500 

4 

Avg,  absorp. 

37. 463 

25.816 

5. 150 

1.654 

Std,  deviation 

0.  1402 

0.  3344 

0. 0928 

0.  3935 

%  Std,  Deviat, 

0,  374 

1.295 

1.  802 

23,796 

1000 

4 

Avg,  absorp. 

37.419 

25.  832 

5. 116 

2,  001 

Std.  deviation 

0.  0578 

0.  2720 

0.  0922 

0.  2505 

%  Std,  Deviat. 

0.155 

1,053 

1.  801 

12, 521 
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In  gathering  the  IR  spectra,  replicate  No.  1  for  each  set  of  conditions 
was  taken,  then  replicate  2  for  each  set  of  conditions,  then  replicate  3,  and 
so  forth  to  replicate  6.  The  first  spectrum  was  taken  at  the  conditions 
where  NSS  =  250  and  RES  =  8  and  the  last  of  the  No.  1  replicates  was  taken 
where  NSS  =  1000  and  RES  =  4.  A  review  of  the  data  also  reveals  the  least 
v/ariability  in  repUcates  1  and  2  at  the  conditions  NSS  =  1000  and  RES  -  4. 
That  is  simply  because  the  sample  had  greater  time  to  cold- flow  and  equili¬ 
brate  from  the  first  to  the  last  spectrum  in  the  replicate  1  series. 

Because  of  this  cold-flow  charactenstic  of  the  propellant,  an  analysis 
.  made  of  only  the  last  four  replicates  in  each  data  set.  That  revealed  a 
;,reatly  improved  reproducibility  ef  the  spectra  and,  thus,  was  a  more  true 
representation  of  the  variance  due  to  electronic  noise  and  other  equipment 
vagaries  inherent  in  the  FTS-10.  The  variance  analysis  involving  the  last 
four  spectra  in  each  set  is  given  in  Table  18.  As  a  group,  those  spectra 
accumulated  at  resolution  4  have  a  lower  standard  deviation  than  those 
spectra  taken  at  resolution  8.  Thus,  resolution  4  is  preferred  over  resolu¬ 
tion  8.  Of  the  spectra  taken  at  resolution  4,  those  where  NSS  =  1000  had  a 
lower  standard  deviation  than  those  taken  where  the  number  of  scans  was 
250.  Thus,  1000  scans  of  the  samples  is  preferable  to  250  or  500  scans 
of  the  sample. 

oample  Thickness 

Thickness  of  the  propellant  sample  for  the  Bondline  Infrared  studies 
was  felt  to  be  an  imnortant  parameter,  having  some  control  over  the  repro¬ 
ducibility  of  the  infrared  data.  Thicknesses  of  0.005,  0.010,  and  0.020  inch 
were  employed  in  this  study.  Samples  of  a  single  piece  of  HTPB  propellant 
that  had  not  been  subjected  to  high-temperature  aging  were  cut  and  used 
in  the  Harrick  ATR  unit  with  a  zinc  selenide  IRE.  Torque  level  (i.e.,  pres¬ 
sure)  holding  the  sample  against  the  IRE  was  varied,  and  the  spectrum  of 
the  propellant  taken.  As  a  measure  of  the  effect  of  thickness  and  torque 
level  on  spectral  amplitude,  the  amplitude  of  the  peak  at  2920  cm"^  was 
measured.  A  plot  of  the  accumulated  data  is  shown  on  Figure  15. 

Propellant  cut  to  a  thickness  of  0.005  inch  was  found  to  be  too  difficult 
to  handle.  These  samples  were  very  easily  torn,  and  the  difficulty  in  handl¬ 
ing  the  propellant  at  this  thickness  is  compounded  by  the  fact  that  the  sample 
for  the  Harrick  ATR  unit  is  very  small  (50  mm  x  6  mm).  Of  the  other  two 
thicknesses  of  propellant,  we  concluded  that  a  thickness  of  0.010  inch  is  pre¬ 
ferred  over  a  thickness  of  0.020  inch,  although  the  preference  is  not  very 
strong.  The  sample  cut  to  0.010  inch  underwent  less  ch.inge  as  torque  level 
was  increased  than  did  the  sample  cut  to  a  thickness  of  0.020  inch.  Growth 
of  the  spectral  amplitude  as  torque  level  is  increased  is  merely  the  result  of 
cold-flow  of  the  viscoelastic  binder  in  the  propellant.  As  torque  level  is  in¬ 
creased,  the  binder  flows  around  AP  particles  and  more  of  the  binder  material 
is  pressed  against  the  IRE  so  that  the  organic  portion  of  the  propellant  is 
more  clearly  displayed.  This  is  a  definite  advantage,  but  with  that  also  comes 
the  problem  of  selective  migration  or  movement  of  plasticizer  and  binder  sol 
fraction  in  the  propellant  to  the  point  where  it  is  preferentially  present  at 
the  IRE  surface.  The  less  change  there  is  in  the  spectral  amplitude,  i.e.,  the 
less  cold  flow  there  is,  the  more  representative  the  spectrum  will  be  of  the 
true  composition  of  the  propellant. 
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TABLE  18 


VARIANCE  OF  IR  SPECTRA 
(Last  4  spectra  included  in  each  set) 


Identification  _ Value  at  Wave  Number 


NSS 

RES 

of  Value 

2923-2929 

1737-1739 

1236-1244 

772-776 

250 

8 

A-vg.  absorp. 

36. 803 

25.  107 

5.  167 

1.  888 

Std,  deviation 

0.  0676 

0.  0606 

0.  UOwS 

0.2316 

%  Std,  Deviat« 

0.184 

0.  241 

1.  210 

12,  269 

500 

8 

Avg,  absorp. 

36.  920 

25.  226 

5.  187 

1.940 

Std.  deviation 

0.1043 

0.  0272 

0.  0118 

0,  1204 

%  Std,  Deviat. 

0.  282 

0. 108 

0,  227 

6.  204 

1000 

8 

Avg,  absorp. 

36. 849 

25. 220 

5,200 

1.707 

Std.  deviation 

0.  0560 

0.  0232 

0.0199 

0.2370 

%  Std.  Deviat. 

0.152 

0.  092 

0.383 

13.885 

250 

4 

Avg.  absorp. 

37.  656 

26.  087 

5.  202 

2,  062 

Std.  deviation 

0.  0897 

0.  0711 

0,  0519 

0. 2035 

%  Std,  Deviat, 

0.  238 

0.  272 

0.999 

9.  869 

500 

4 

Avg,  absorp. 

37.  535 

25.  987 

5.196 

1.696 

Std,  deviation 

0.  0251 

0,  0380 

0.  0514 

0.  2691 

%  Std,  Deviat, 

0.  067 

0. 146 

0,999 

15.  874 

1000 

4 

Avg,  absorp. 

37. 454 

25.  966 

5. 160 

1.913 

Std.  deviation 

0.0177 

0.  0516 

0.  0272 

0,  0837 

%  Std,  Deviat. 

0,  047 

0.199 

0.527 

4,376 
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Figure  15.  Effect  of  Sample  Thickness  and  Torque  on  Spectral  Amplitude. 


Torque  Level 


Reproducibility  studies  revealed  that  the  smaller  the  magnitude  of  any 
given  peak,  the  greater  the  variability  in  that  peak;  variability  coming  from 
electronic  noise  and  other  uncontrolled  sources.  In  order  to  reduce  the 
coefficient  of  variation  in  the  spectral  information,  we  decided  that  the 
2920  cm"l  peak  in  the  spectrum  should  be  near  an  amplitude  of  50  absorb¬ 
ance  units,  and  with  the  HTPB  propellant,  this  required  u  torque  level 
on  the  ATR  pressure  plate  assembly  bolts  of  60  to  100  in-oa.  With  other 
propellants,  this  torque  level  will  be  different.  The  amplitude  of  the 
spectrum  in  the  2920  cm“l  region  (also  all  other  regions  of  the  spectrum), 
is  also  a  function  of  the  length  of  time  one  waits  from  the  initial  torquing  of 
the  ATR  unit  until  the  spectrum  is  taken. 

We  thought  that  it  would  be  important  to  establish  the  relationship 
between  wait  time,  torque  level,  and  the  amplitude  of  the  resulting  spectrum 
so  that  if  wait  time  were  an  important  parameter  that  it,  too,  could  be 
specified  as  a  part  of  the  standard  IR  data  acquisition  procedure.  To  this 
end,  we  employed  samples  at  a  thickness  of  0.010  and  0.020  inch  and  torqued 
these  samples  to  levels  of  60  and  100  in-oz.  The  influence  of  wait-time  and 
torque  level  on  spectral  amplitude  is  plotted  on  Figures  16  and  17.  A  review 
of  these  two  plots  will  show  that  the  amplitude  does  not  stop  changing,  but 
continued  to  change  for  as  long  as  we  conducted  the  test.  As  can  be  seen  on 
Figure  17,  with  the  0.020-inch  sample,  most  of  the  change  occurred  within  20 
minutes . 

In  order  to  identify  a  procedure  whereby  we  could  reach  an  equilibrium 
spectral  amplitude  in  a  short  time,  we  took  one  of  the  propellant  samples  at 
a  thickness  of  0.010  inch  and  assembled  it  into  the  ATR  unit  which  had  been 
preheated  to  77®C.  It  was  thought  that  by  warming  the  sample,  it  would  flow 
quickly  and  reach  a  point  where  it  would  stop  flowing;  however,  this  supposi¬ 
tion  was  incorrect,  as  can  be  seen  on  Figure  18.  Changes  in  spectral  ampli¬ 
tude  continued  for  a  period  of  18  hours.  As  a  matter  of  fact,  it  appears 
that  the  procedure  created  more  flow  than  a  sample  and  ATR  unit  at  nominal 
room  temperature.  Heat,  therefore,  is  not  an  effective  way  to  quickly  bring 
the  sample  to  flow  equilibrium. 

A  second  method  investigated  for  quickly  establishing  flow  equilibrium 
was  to  torque  the  sample  initially  to  a  high  value,  loosen  the  clamping  screw, 
and  then  retorque  the  sample  to  a  lower  value.  The  results  of  this  experiment 
are  plotted  on  Figure  19  and  show  that  the  procedure  was  totally  ineffective 
in  stopping  cold  flow.  On  the  basis  of  these  experiments,  we  conclude  that 
there  is  no  way  to  stop  the  cold  flow.  It  is  going  to  occur,  and  therefore, 
we  must  live  with  it.  It  is  one  of  the  "uncontrolled"  variables  that  will  have 
some  influence  on  reproducibility  of  the  IR  data. 

IRE  Cleaning  Procedure 

In  the  course  of  running  these  experiments,  we  found  at  one  point  that 
we  were  getting  a  large  variation  in  the  magnitude  of  the  -CHn-  peaks  in  the 
2900  cm"l  region.  The  variance  was  considerably  larger  than  we  had  exper 
ienced  previously  when  we  had  been  using  the  same  sample  over  and  over 
again  for  the  reproducibility  studies.  Several  experiments  revealed  the  source 
to  be  the  procedure  for  cleaning  the  IRE  after  each  use. 
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Sample  Thickness  =  0,010  in 


Figure  16.  Effect  of  Wait  Time  and  Torque  on  Spectral  Amplitude. 


Figure  18.  Effect  of  Heat  on  Wait  Time  and  Spectral  Amplitude 


When  we  found  this  variation,  our  cleaning  procedure  was  to  rinse  the 
IRS  with  methylene  chloride,  then  with  ethanol  and  dry  the  IRE  using  a  lens 
tissue.  It  turned  out  that  the  lens  tissue  was  depositing  organic  material 
on  the  IRE  and  the  amount  of  organic  material  deposited  was  a  function  of 
how  hard  and  how  long  the  IRE  was  rubbed.  A  few  expei’iments  revealed  as 
much  as  5%  variation  in  the  height  of  the  -CH„-  peaks.  A  change  in  the 
cleaning  and  drying  procedure  reduced  that  variation  to  0. 

The  standard  cleaning  procedure  is:  Rinse  the  IRE  with  a  s+renm  of 
methylene  chloride,  rinse  with  a  stream  of  ethanol,  rinse  again  with  methylene 
chloride,  and  then  dry  the  IRE  in  warm  air  from  a  heat  gun  or  hair-dryer. 

l-’inal  Procedure  for  'I'aking  IR  Sped  at 

A  reproducibility  test  series  was  run  to  establish  the  vaination  that 
could  be  expected  emplojdng  all  of  the  selected  data  acquisition  procedures 
and  parameters.  In  this  experiment  series,  a  single  sample  of  the  HTPB 
propellant  was  used  and  the  propellant  cut  to  a  thickness  of  0.010  inch.  Six 
samples  were  selected  and  the  IR  spectra  of  each  sample  made  using  the 
standard  procedure.  Data  collected  in  this  series  are  displayed  in  Table  19 
and  are  typical  of  the  variance  that  can  be  expected.  Standard  procedures 
for  acquiring  IP  data  are  given  in  Table  20. 


Task  2  -  Computer  Programmint 


Modifications  were  made  to  the  computer  program  developed  as  a  part  of 
the  FTIS  project.  Modifications  were  made  for  the  express  purpose  of  improv¬ 
ing  the  utility  of  the  computer  program  to  allow  improved  data  reduction  and 
to  make  the  use  of  the  program  easier  for  the  persons  employing  the  program 
for  IR  data  reduction  and  analysis.  Specifically,  three  things  were  to  be 
accomplished;  (1)  Expand  the  data  array  to  1872  data  words  from  the  original 
limit  of  468  data  v;orda;  (2)  increase  the  data  analysis  options;  and  (3)  retain 
the  tabulated  IR  data  in  a  form  in  the  computer  that  would  allow  it  to  be 
used  for  correlations  and  data  analysis. 


At  the  end  of  the  FTIS  project,  the  computer  code  E490  would  read  IR 
spectra  from  magnetic  tape  and  reduce  the  data  to  a  numerical  spectrum,  as 
an  option  it  would  plot  that  spectrum.  Its  limit,  however,  was  468  data  words, 
which  permitted  a  spectrum  made  at  a  resolution  of  8  wave  numbers  with  data 
accumulated  in  single  precision  over  the  spectral  range  of  4000-400  cm'l.  That 
data  handling  capability  was  improved  by  reprogramming  so  that  now  the  com¬ 
puter  program  handles  1872  data  words  per  file  for  a  total  of  40  files.  The 
expanded  capability  now  permits  spectra  to  be  accumulated  at  a  resolution  of  2 
wave  numbers  in  single  precision  data  words  or  a  resolution  of  4  wave  numbers 
in  double  precision  data  words. 


Computer  program  E490,  at  the  end  of  the  FTIS  project,  would  do  single 
and  multiple  correlations  of  data  in  linear  form  or  transform  to  the  squared 
function.  Data  analysis  options  have  been  increased  such  that  the  following 
can  now  be  accomplished: 
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TABLE  19 


SAMPLE-TO-SAMPLE  VARIANCE 


Absorbance  at  Wave  Number 


2920 

1736 

1236 

772 

Sample 

cm~^ 

cm"^ 

cm"  ^ 

cm"  ^ 

1 

53. 261 

36.  952 

8.  508 

3.562 

2 

52.438 

36. 328 

8.  325 

3.329 

3 

52. 723 

36.455 

8.  736 

3,  438 

4 

52.  566 

36. 643 

8.  594 

3.453 

5 

52.  501 

36.612 

8.  275 

3.  372 

6 

52.  933 

36. 904 

8.  750 

3.  540 

Avg.  Value 

52.  737 

36.  649 

8.  531 

3.449 

Std.  Deviation 

0.3123 

0.  2445 

0. 2012 

0.  0911 

Coef.  of  Variation 

0.592 

0.667 

3.417 

2.  642 

Data  Acqxiisition  Conditions: 

Harrick  ATR/ZnSe 
RES  =  4 
WDS  ^  SP 
NSS  =  1000 

Sample  Thickness  =  0.010 
Wait  Time  =15  Minutes 
Torque  =  100  in-oz. 
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TABLE  20 


DATA  ACQUISITION  PROCEDURES  FOR  KTPB  PROPELLANT 
Sample  Preparation 

ATR  Unit!  Harrick,  4X  Beam  Condenser,  60°  Angle  of  Incidence 
IRE:  Irtran  4  (Zn  Se) 

Sample  Thickness:  0.  010  to  0.020  inch 

Toi'que  Level;  Sufficient  to  Make  2920  cm“^  Peak  Have  An  Amplitude 
of  About  50  Absorbance  Units  at  the  Highest  Possible 
SEN  setting. 

Wait  Time:  About  15  Minutes 

Spectrum  COL  (Collect)  Parameters  for  the  FTS-10 
RES  =  4 
NSS  =  500 
UDR  =  2 
ZFF  =  1 

SEN  =  Max. ,  w/o  an  "overflow"  in  the  A  to  D  converter 
WDS  =  SP  (Single  Precision) 

IRE  Clean-Up 

1)  Wash  (rinse)  with  stream  of  CH2CI2 

2)  Rinse  with  a  stream  of  CH2OH 

3)  Rinse  with  a  stream  of  CH2CI2 

4)  Dry  in  a  warm  air  stream  (hair  dryer)  to  prevent  moisture  condensation. 
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1)  Simple  linear  correlation; 

2)  Multiple  linear  correlations; 

3)  Nonlinear  (squared  term)  correlations; 

4)  Simple  linear  correlations  with  log  of  dependent  variables: 

5)  Multiple  correlations  with  log  of  dependent  variables: 

6)  Simple  correlations  with  log  of  independent  variables: 

7)  Multiple  correlations  with  log  of  independent  variables: 

8)  Simple  correlations  with  log  of  independent  and  dependent  variables; 
and,  9)  Multiple  correlations  with  log  of  independent  and  dependent  variables. 

One  of  the  shortcomings  of  the  E490  program  as  it  existed  al  the  start 
of  the  Bondline  Infrared  Spectroscopy  project  was  that^  once  the  E490  spectral 
data  had  been  employed  in  a  correlation,  the  data  were  lost  within  the  computer; 
i.e.,  the  data  were  printed  and  then  all  memory  of  the  data  in  the  computer 
erased.  This  created  problems  if  one  wished  to  do  a  different  correlation 
using  a  transform  of  one  of  the  dependent  or  independent  variables.  The 
entire  E490  IR  spectral  data  reduction  needed  to  be  rerun  to  reassemble  the 
IR  data;  a  time-consuming  process.  The  obvious  solution  to  the  problem  was 
to  have  the  IR  spectral  data  stored  on  disc  or  on  mag  tape  so  that  it  would  be 
recalled  and  used  as  needed.  To  that  end,  two  changes  were  made  in  the 
E490  computer  program:  (1)  Valid  peaks  are  retained  in  temporary  storage: 
and,  (2)  depending  upon  the  user's  system,  this  tabulation  can  be  permanent¬ 
ly  stored  on  tape  or  disc. 

Task  3  -  Correlation  of  IR  and  Bond  Properties 

Task  3  of  Phase  I  called  for  the  aging  of  HTPB  and  minimum  smoke 
propellant  bond  systems  in  order  to  evaluate  :  (1)  The  IR  data  acquisition 

procedures,  (2)  several  measured  properties  of  the  bond  systems,  and 
(3)  correlations,  if  any,  between  (1)  and  (2).  The  end  product  of  tliis 
task  was  to  be  selection  of  bond  properties  to  measure  in  a  32-week  ugitig 
program  to  be  conducted  in  Phase  II. 

Selected  Bond  Systems 

Propellant,  liner,  and  insulation  for  the  HTPB -type  propellant  and  for 
the  minimum  smoke-type  propellant  are  listed  in  Table  21.  These  are  the 
same  propellants,  liner,  and  insulators  as  used  in  Phase  I,  Task  1.  Composi 
tions  of  these  materials  are  given  in  Tables  1  and  2. 

Aging  Plan 

The  16- week  aging  program  is  displayed  in  Table  22.  Also  listed  on 
that  table  are  the  tests  performed  with  each  of  the  five  types  of  samples  for 
the  two  aging  programs.  Each  of  the  aging  programs  followed  the  same  aging 
plan. 

Aging  Data 

Aging  of  the  two  bond  systems  at  165°F  was  carried  out  for  a  period 
of  16  weeks.  Tests  as  listed  in  the  aging  plan  were  performed  and  the 
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TABLE  21 


COMPOSITION  OF  BOND  SAMPLES 
(Phase  L  Task  3) 


HTPB  Type  Propellant/ Liner/Insulation  Samples 
Insulation:  TI-R300  (0.200  inch) 

Liner:  TL-H755A  (0.  040  inch) 

Propellant:  TP-H8279 


Minimum  Smoke  Type  Propellant/ Liner/Insulation  Sampl 
Insulation:  TI-R701  (0.200  inch) 

Liner:  TL-H763A  (0.040  inch) 

Propellant;  TP-Q7029 


1)  Composite  Adhesion  (18)  3  3 

2)  Liner  Tensile  (18)  3  3 

3)  Liner /Propellant  Peel  (18)  3  3 

4)  Liner/ Insulation  Peel  (18)  3  3 

5)  Composite  Peel  (12)  2  2 

Tests  at  each  age  time; 

1)  3  Samples  -  Tensile  Adhesion  at  770F 

2)  3  Samples  -  Tensile  at  77°F  on  Liner 

3)  3  Samples  -  Peel  Strength  at  77®F 

4)  3  Samples  -  Peel  Strength  at  77°F 

5)  1  Sample  -  Hardness  Profile 

-  Gel/Sol  Separation  on  Liner 

-  Gcl/Sol  Separation  on  Propellant  as  a  Function  of  Distance 
from  Liner  Interface 

-  FTIS  on  Gel  and  Sol  Fractions 

1  Sample  -  Sectioned  for  FTIS  on  Propellant  at  Selected  Ijocations 
from  Interface  with  Liner. 

-  FTIS  on  Liner 


3  3  3  3 
3  3  3  3 
3  3  3  3 
3  3  3  3 
2  2  2  2 


results  of  HTPB  propellant /liner /insulation  tests  are  displayed  in  '’'  ible  23, 
while  those  tests  of  the  minimum  smoke  propellant  system  are  given  in  Table 
24. 


Gradient  hardness  of  a  composite  bond  sample  for  the  HTPB  bond  sys 
tern  was  also  measured.  This  composite  bond  specimen  consists  of  the  insula¬ 
tion  as  a  first  layer,  liner  cured  on  top  of  insulation,  and  then  propellant 
cast  to  a  depth  of  approximately  0.75  inch  on  top  of  the  liner.  This  specimen 
was  sectioned  vertically  through  the  layers  and  the  hardness  of  all  materials 
measured  using  a  penetrometer.  Gradient  hardness  data  are  presented  in 
Appendix  C. 

Gel  fraction  of  the  binders  in  the  HTPB  propellant  bond  system  were 
also  measured .  The  bond  specimen  described  above  was  used  in  this  test 
also.  Samples  of  insulation,  liner,  and  propellant  were  taken  and  a  gel/sol 
separation  of  the  binder  in  these  materials  made.  Propellant  was  sectioned 
by  distance  from  the  liner  and  the  gel  fraction  of  each  segment  of  propellant 
measured.  These  gel  fraction  data  are  also  presented  in  Appendix  C. 

The  principle  objective  in  performing  these  mechanical  property,  hard¬ 
ness.  and  gel  fraction  tests  vraa  to  gather  information  for  correlation  to 
infrared  peak  height  changes.  Correlations  among  mechanical  properties, 
gel  fraction,  hardness,  and  time  are  of  interest,  of  course,  but  were  not  the 
principle  concern  of  the  project.  An  analysis  was  made  of  those  correlations 
and  this  analysis  is  presented  in  Appendix  C.  Correlations  among  mechanical 
properties ,  chemical  properties ,  and  infrared  properties  of  the  propellant , 
liner  and  insulation  are  presented  in  the  next  section  of  this  report. 

Correlations  among  mechanical  properties,  hardness,  gel  fraction,  and 
time  for  the  minimum  smoke  propellant  bond  system  are  presented  in  Appendix 
D .  Also  included  in  that  appendix  is  a  tabulation  of  the  gradient  hardness 
data  for  insulation,  liner,  propellant  composite  bond  samples.  These  hardness 
data  were  obtained  through  the  use  of  a  penetrometer  and  a  composite  bond 
sample  as  described  above.  Propellant  gel  fraction  was  also  measured  and 
these  data  are  presented  in  Appendix  D.  Correlations  among  the  minimum 
smoke  propellant  bond  system  properties  and  the  infrared  characteristics  of 
the  minimum  smoke  propellant  gel  fraction  are  presented  and  discussed  in  the 
next  section  of  the  report. 

Uata  Analysis 

HTPB  Propellant 

Propellant  for  the  infrared  analysis  presented  here  was  taken  from  the 
composite  bond  specimen  and  the  propellant  was  microtomed  to  specific  thick¬ 
nesses  measured  from  the  liner /propellant  interface.  Distances  at  which 
samples  were  taken  for  IR  analysis  were  as  follows:  0.00  inch,  0.01  inch, 

0.02  inch,  0.06  inch,  0.15  inch,  and  0.4  inch.  IR  data  for  these  propellant 
samples  were  acquired  using  the  procedure  described  in  Appendix  B . 

A  typical  infrared  spectrum  of  whole  propellant,  TP-H8279,  is  given  in 
Figure  20.  Arrows  on  that  figure  point  to  infrared  peaks  which  are  associat¬ 
ed  with  the  propellant  binder  and  which  were  observed  to  undergo  change 
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TABLE  23 


TEST  RESULTS.  HTPB  PROPELLANT /LINER /INSULATION 

i65°f  bond  aging 


Test 


Age  Time 

Type  Sample 

Peel 

Failure  Mode 

Temp. 

(Wks) 

(Pll) 

(OF) 

0 

Liner-to-lnsulation 

>73.  2 

Tab  broke 

77 

2 

>79.0 

Tab  broke 

77 

4 

8 

>48.6 

>46.6 

Tab  broke 

Liner  pulled 
from  screen 

77 

12 

>45.5 

Tab  broke 

77 

16 

>26. 1 

Tab  broke 

77 

0 

Propellant-to-  Liner 

29.0 

Prop.  Sc  Liner 

77 

2 

15.7 

Propellant 

77 

4 

11.  1 

Propellant 

77 

8 

9.  1 

Propellant 

77 

12 

7.  1 

Propellant 

77 

16 

(St) 

Composite 

8.2 

Max. 

Stress 

(P8l) 

Propellant 

77 

0 

110.7 

Propellant 

77 

2 

104.0 

Propellant 

77 

4 

138.  0 

Propellant 

77 

8 

127.  0 

Propellant 

77 

12 

145.  0 

Propellant 

77 

16 

146 

Propellant 

77 

Ult. 


Stress  Ult,  Strain 


Liner,  Tensile^^^ 

(psi) 

(%) 

0 

446 

344 

77 

2 

574 

150 

77 

4 

721 

153 

77 

8 

647 

79 

77 

12 

788 

127 

77 

16 

770 

137 

77 

(a)  Crosshead  speed:  0.2  in/min 

(b)  Crosshead  speed:  20.0  in/min 
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TABLE  24 


TEST  RESULTS,  MINIMUM  SMOKE  PROPELLANT /LINER /INSULATION 


Age  Test 


Time 

Type  Sample 

Peel,  pli 

Failure  Mode 

Temp 

XWks) 

0 

Liner-to-insulation 

>48.5 

Tab  broke. 

("F) 

77 

2 

>51.0 

Liner  pulled  from  screen. 

77 

4 

>48.7 

Liner  pulled  from  screen. 

77 

8 

>42.7 

Liner  pulled  from  screen. 

77 

12 

>23.7 

Liner  pulled  from  screen. 

77 

16 

>35.7 

Liner  pulled  from  screen. 

77 

0 

Propellant-to- Liner 

26.0 

Propellant 

77 

2 

44.3 

Propellant 

77 

4 

42.5 

Propellant 

77 

8 

41.7 

30'fe  Prop.;  70'/i  Bond. 

77 

12 

30.6 

40%  Prop.;  60")  Bond. 

77 

16 

14.1 

40%  Prop.;  60%  Bond. 

77 

0 

Composite 

Max. 

Stress 

(psi) 

65 

Propellant 

77 

2 

67 

Propellant 

77 

4 

61 

Propellant 

77 

8 

55 

Propellant 

77 

12 

43 

Top  came  off. 

77 

16 

46 

Propel?  ant 

77 

0 

Liner,  tensile 

Ult.  Stress  Ult.  Strain 

(psi)  (%) 

239  369 

77 

2 

328 

249 

77 

4 

388 

198 

77 

8 

405 

167 

77 

12 

400 

150 

77 

16 

408 

130 

77 

(a) 

Crosshead  Speed  =  0.2  in /min. 
Crosshead  Speed  =  20.0  in /min. 
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witli  MU’o  limo  ami  age  temperature ,  'I'liese  peaks  are  located  at  the  lollowiiig' 
wave  numbers:  3008,  1734,  1641,  1513,  and  1239.  Changes  to  the  IH  peak 
height  witii  time  and  with  changes  in  the  charactei’istics  and  properties  of  the 
bond  are  presented  in  the  following  figures.  Figure  21  shows  the  change  in 
height  of  the  peak  at  3008  cm"l  with  distance  from  the  liner  at  vaidous  time 
intervals  and  it  clearly  shows  that  this  peak  varies  both  as  a  function  of 
distance  from  the  liner  interface  and  as  a  function  of  time  at  165“F.  This  is 
an  unsaturetion  peak  and  shows  that  unsaturation  deci’eases  as  the  liner  is 
approached,  and  the  magnitude  of  the  change  in  unsaturaiion  increases  with 
time  at  165°F. 

Figure  22  is  a  plot  of  the  change  of  peak  height  at  1734  ciir^  with  dis 
tance  from  the  propellant /Uner  interface  at  various  age  times.  This  peak  is 
characteristic  of  the  plasticizer,  DOA,  and  shows  that  the  concentration  of 
DOA  decreases  as  the  interface  between  propellant  and  liner  is  approached; 
also,  that  the  quantity  of  DOA  decreases  as  time  increases. 

Figure  23  is  a  correlation  between  the  height  of  the  peak  at  1641  cm  ^ 
with  distance  from  the  propellant /liner  interface  at  various  time  intervals. 

This  peak  at  1641  cm‘1  is  an  unsavjration  peak:  however,  it  does  not  show 
the  clear-cut  change  in  unsaturation  with  approach  to  the  interface  that  the 
peak  at  3008  showed.  This  peak  at  1641  cm“l  is  rather  small  and  may  be 
influenced  by  other  factors  that  do  not  influence  the  peak  at  3008  cm'^.  Cer 
tainly  this  correlation  is  not  as  strong  as  the  correlation  found  with  the  peak 
at  3008  cm"  . 

Figure  24  relates  the  change  in  this  unsaturation  peak  at  1641  cm  ^  to 
gel  fraction  in  the  propellant  at  a  distance  of  12  to  18  mm  from  the  interface 
between  the  liner  and  propellant.  There  is  a  correlation  there,  but  it  is 
obviously  not  an  exceedingly  strong  correlation.  A  review  of  the  gel  fraction 
data  versus  aging  time  in  Appendix  C  will  reveal  that  gel  fraction  of  the 
propellant  at  this  location  in  the  propellant  with  time  was  a  much  stronger 
correlation  than  the  correlation  of  unsaturation  peak  at  1641  cm  ’  witli  gol 
fraction . 

Figure  25  relates  height  of  the  peak  at  3008  cm  ^  to  peel  strength  of 
the  propellant /liner  bond.  A  review  of  the  propellant  to  liner  peel  strength 
versus  aging  time  plot  found  in  Appendix  C  will  show  that  the  peel  strengta 
changed  as  a  curvilinear  function  of  aging  time,  not  as  a  straight  Une  func¬ 
tion.  The  correlation  between  the  peak  at  3008  cm'^  and  propellant  to  liner 
peel  strength  is  quite  good  and  follows  the  peel  strength  aging  time  data  quite 
well.  This  is  a  very  strong  correlation, 

HTPB  Liner  -  TL-H755A 


Infrared  spectra  used  in  this  analysis  and  in  the  correlation  of  IR  data 
with  bond  properties  were  taken  of  the  sol  fraction  of  liner.  Liner  was  from 
the  composite  bond  specimen  where  there  is  a  layer  of  insulation,  liner,  and 
propellant.,  Correlations,  then,  among  IR  data  and  bond  data  mean  the  bond 
data  must  be  from  the  composite  bond  specimen.  The  aging  chemistry  of 
liner  itself  may  be  slightly  different  from  that  taking  place  in  the  aging  of 
liner  where  it  is  "sandwiched"  between  propellant  and  insulation. 
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Figure  21,  Correlation  of  Peak  at  3008  cm  with  Distance  from  Liner  Interface,  TP'H8279  PropeUar 


Distance 


Figure  25.  Correlation  Between  Propellant /Liner  Peel  Strength  and  Peak  Height  at  3008  cm  at  the  Interface 
HTPB  Propellant. 


Figures  26  and  27  are  IR  spectra  of  the  sol  fraction  from  TL-H755A  liner. 
Figure  26  is  sol  fraction  of  the  liner  at  zero  time  before  the  start  of  aging, 
while  Figure  27  is  of  the  sol  fraction  of  the  liner  after  16  weeks  of  aging  at 
165°F.  Table  25  is  a  listing  of  correlation  coefficients  for  various  peak  heights 
in  the  infrared  spectra  of  the  sol  fraction  of  liner  and  the  various  properties 
of  liner  including  its  hardness  and  gel  fraction.  Even  though  the  IR  spectra 
are  of  sol  fractions  from  the  composite  tensile  adhesion  sample,  the  overall 
aging  chemistry  may  bear  close  enough  resemblance  in  the  liner  in  this  sample 
to  a  piece  of  liner  aged  separately  from  propellant  and  insulation  that  there 
may  be  correlations  between  the  IR  spectra  and  the  tensile  properties  of  the 
Hner.  Such  was  the  case  when  a  relative  peak  height  of  the  sol  at  969  cm-1 
was  correlated  with  tensile  stress  of  the  aging  liner.  The  correlation 
coefficient  was  not  particularly  good  (-0.64),  but  the  plot  of  the  data  revealed 
that  the  correlation  coefficient  was  poor  only  because  of  one  data  point;  and 
this  was  for  the  12-week  data.  All  other  data  points  fell  on  a  straight  line 
and  correlated  exceedingly  well.  That  is  shown  on  Figure  28.  Figure  29 
relates  relative  peak  height  at  91U  cm'l  to  aging  time  at  1S5°F  and  shows  that 
this  peak,  representative  of  vinyl  unsaturation  in  the  binder  of  the  liner, 
changes  very  uniformly  with  aging  time,  showing  a  steady,  uniform  decrease 
in  peak  height  as  time  increases. 

Tensile  stress  of  the  liner  was  found  to  relate  well  to  relative  peak 
height  at  915  cm'^.  Data  shown  in  Table  25  reveal  that  this  correlation  has 
a  coefficient  of  -0.667;  however,  a  plot  of  the  data  shown  in  Figure  30  reveals 
that  the  correlation  is  quite  strong  except  for  16- week  data. 

Figure  31  relates  height  of  the  peak  at  1747  cm  ^  to  propellant /liner 
peel  strength.  This  peak  in  the  infrared  is  characteristic  of  DO  A  and  it  then 
relates  the  peel  strength  to  the  migration  of  DOA  from  the  propellant  into 
the  liner.  The  correlation  is  an  inverse  one  and  has  a  coefficient  of  0.91.  It 
reveals  to  us  that  as  DOA  moves  into  the  liner,  the  propellant-to- liner 
peel  strength  increases.  Figure  32  shows  much  the  same  data  in  that  it 
relates  the  propellant /liner  peel  strength  to  changes  in  the  height  of  the  peak 
at  2962  cm'l.  This  peak  is  also  characteristic  of  DOA  and  the  correlation 
coefficient  for  this  relationship  is  -0.92. 

From  these  correlations,  it  can  be  concluded  that  the  infrared  spectrum 
of  the  sol  fraction  of  liner  will  be  useful  in  identifying  mechanical  properties 
of  the  bond  between  liner  and  propellant. 

TI-R300  Insulation 


Insulation  aged  as  a  part  of  the  composite  samples  was  submitted  to  a 
gel/sol  separation  test.  Data  concerning  the  amount  of  gel  and  sol  have 
already  been  presented.  The  discussions  here  concern  the  infrared  spectra 
of  the  sol  fractions  and  correlation  of  the  various  peaks  in  those  infrared 
spectra  with  the  mechanical  properties  of  the  bond  system  which  involves 
the  insulation. 

The  sol  fraction  for  each  of  the  extractions  was  dissolved  in  carbon 
tetrachloride  to  a  volume  of  25  ml  in  a  volumetric  flask.  Spectra  were  made 
from  the  solution  in  a  1  mm  cell.  Typical  spectra  for  the  sol  fractions  are 
displayed  in  Figures  33  and  34;  Figure  33  being  the  iiisulation  sol  fraction  at 
0  weeks'  aging  and  Figure  34  being  sol  fraction  of  the  insulation  after  16 
weeks  of  aging  at  165°F. 
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R  Spectrum  of  TL-H755A  liner  Sol  Fraction  at  Start  of  Aging 


Figure  27.  IR  Spactrum  of  TL-H755A  Liner  Sol  Fraction  at  End  of  Aging 
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Infrared  Spectrum  of  TI-R300  Insulation  Sol  Fraction.  Aged  0  Weeks 


Figure  34.  Infrared  Spectrum  of  TI-R300  Insulation  Sol  Fraction.  Aged  16  Weeks  at  165°F. 


An  interesting  observation  in  those  two  spectra  is  that  the  strongest 
peaks  (outside  of  the  region  2800  to  3000  cm'^)  are  DOA  peaks.  The  strong 
peak  at  1734  cm~^  is  characteristic  of  DOA.  The  three  peaks  in  the  region 
1140  to  1240  cm'^  are  also  characteristic  of  DOA.  The  peak  located  at  1460 
cm‘l  is  a  CH  peak  and  is  present  in  almost  every  organic  material;  i.e.,  it 
would  be  present  in  DOA  and  in  the  soluble  portion  of  polyisoprene.  In  the 
2800  to  3000  cm'l  region,  there  is  one  peak,  that  located  at  2960  cm'^,  that 
has  grown  considerably  from  0  time  to  16  weeks.  That  peak  is  characteristic 
of  DOA.  Other  peaks  in  that  region  are  chai’acteristic  of  DOA  and  the  soluble 
portion  of  polyisoprene. 

Correlation  of  the  chatige  of  infrared  peaks  in  the  sol  fraction  of  the 
insulation  with  time  reveal  that  there  are  only  three  peaks  that  furnished  a 
good  correlation.  All  three  of  these  peaks  are  characteristic  of  DOA,  which 
says  in  effect  that  the  most  outstanding  change  taking  place  in  insulation 
during  this  aging  period  was  the  absorption  of  DOA  from  the  liner  and,  of 
course,  the  ultimate  source  of  DOA  is  the  propellant.  The  fact  that  the  0 
aging  time  insulation  sol  fractions  show  presence  of  DOA  is  nothing  more 
than  a  reflection  of  the  fact  that  0  time  for  this  spectrum  was  not  0  time  for 
migration.  Migration  begins  at  the  time  the  propellant  was  cast  against  the 
liner.  These  samples,  of  coui’se,  were  in  cure  for  seven  days  at  145°F  and 
it  was  some  time  period  after  that  before  the  insulation  gel/sol  separation  test 
was  run.  During  all  of  this  time,  DOA  obviously  was  migrating  out  of  pro 
pellant  through  the  liner  and  into  the  insulation. 

There  were  three  peaks  in  these  spectra  which  correlated  quite  well 
with  time  and  they  were  the  peaks  at  1737,  1380,  and  2734  cm'l.  All  three 
peaks  are  characteristic  of  DOA.  The  peak  at  1737  cm'l  is  the  carbonyl  group 
in  the  DOA,  while  the  peak  at  1380  cnrl  is  a  CHg  deformation  peak  which  is 
present  in  DOA.  while  the  peak  at  2734  cm'l  is  quite  small  and  is  an  overtone 
of  the  1380  cm‘i  peak.  In  spite  of  the  fact  that  the  peak  at  2734  is  very 
small,  it  responds  quite  well  to  time  and  correlates  well  with  the  movement  of 
DOA.  This  peak  is  present  in  the  .spectrum  of  DOA.  These  correlations  arc 
displayed  in  Figures  35,  36,  and  37. 

Of  the  physical  properties  measured  during  the  bond  aging  portion  of 
Phase  I,  two  of  the  samples  involved  insulation. .  .the  composite  adhesion 
sample  (a  composite  of  insulation /liner /propellant)  and  the  liner /insulation 
peel  sample.  Since  the  infrared  spectra  ai’e  of  the  sol  fraction,  the  correlation 
of  the.se  spectra  applies  only  to  the  properties  display  cl  by  aging  the  compos¬ 
ite  adhesion  samples.  The  liner/insulation  peel  samples  were  not  exposed  to 
propellant,  therefore,  the  spectra  of  tlie  insulation  sols  so  heavily  loaded  with 
DOA  cannot  be  correlated  in  a  meaningful  manner  with  tlvj  results  of  the  Uncr/ 
insulation  peel  tests.  The  correlation  of  the  peaks  at  1737,  2734,  and  1380 
cm"l  with  composite  tensile  adhesion  showed  strong  correlations.  The  peak  at 
1380  versus  tensile  adhesion  is  plotted  on  Figux’e  38  and  reveals  that  there 
was  a  correlation  coefficient  here  of  0.88.  Because  all  failures  in  the  compos¬ 
ite  tensile  adhesion  tests  were  located  in  the  propellant ,  this  correlation  is 
nothing  more  than  a  measure  of  the  amount  of  DOA  coming  out  of  the  propel¬ 
lant  and  the  effect  of  this  DOA  migration  on  the  tensile  strength  of  the 
propellant . 
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The  quantity  of  DOA  In  the  sol  fraction  also  correlated  quite  well  with 
the  quantity  of  sol  fraction.  This  is  displayed  in  tHgiire  .19  using  the  peak 
at  1737  cm~l  and  gel  fractioo.  Tnis  ■sjrrelation ,  of  course,  is  an  inverse  one 
and  has  a  quite  high  oorrelax*on  factor,  -0.93. 

There  is  a  small  peak  located  at  1656  cm  ^  which  is  indicative  of  unsatur- 
etion  in  the  binder  of  the  polyiscprene  insulation.  Variation  in  the  height  of 
thi.3  peak  with  time  and  with  liner-to-insulation  peel  strength  is  quite  strong. 
Figure  40  shows  the  variation  in  peak  height  with  time,  while  Figure  41  shows 
the  variation  of  this  peak  with  Uner-to-insulation  peel  strength.  The  correlation 
coefficient  for*  the  relationship  shown  in  Figure  41  is  0.997.  This  relationship 
is  strong  enough  that  it  can  be  used  to  identify  peel  strength  from  the  IR 
spectrum  of  the  insulation  sol  fraction.  An  equation  for  this  relationship  is 
shown  on  Figure  41. 


Miryimum  Smoke  Propellant  Gel  Fraction 

Infrared  spectra  of  the  gel  fraction  of  the  minimum  smoke  propellant. 
TP-Q7029,  were  made.  Samples  of  the  propellant  from  the  composite  adhesion 
specimen  were  cut  at  discrete  distances  from  the  liner /propellant  interface  and 
the  samples  extracted  in  a  gel/sol  separation  procedure.  Distances  from  the 
liner /propellant  interface  were:  0.00  in.,  0.02  in.,  0.04  in.,  0.06  in.,  0.10 
in.,  0.20  in.,  0.30  in.,  and  0.50  in.  After  extracting  the  propellant  samples 
overnight  with  acetone,  they  were  dried;  and  an  IR  spectrum  of  each  sample 
gel  fraction  made.  Our  general  procedure  for  extracting  and  drying  samples 
is  given  in  Appendix  B,  Page  183. 


A  typical  infrared  spectrum  of  the  gel  fraction  at  zero  time  and  0.0  in. 
from  the  interface  is  presented  in  Figure  42,  while  the  spectrum  of  the  gel 
fraction  of  the  minimum  smoke  propellant  after  16  weeks  of  aging  at  165®F  is 
given  in  Figure  43.  Note  on  Figure  43  that  several  of  the  peaks  have  an 
arrow  above  them.  These  arrows  designate  peaks  which  changed  in  height 
during  the  aging  of  the  minimum  smoke  propellant.  Changes  in  peak  heights 
at  each  of  the  interfacial  distances  for  each  test  interval  were  compared  to 
the  various  bond  properties.  Significant  correlations  were  found  for  pro¬ 
pellant  taken  at  the  liner  interface  and  0.02  inch  away  from  that  interface. 
Propellant  adjacent  to  the  liner  gave  the  best  correlations  and  those  are  the 
ones  presented  here.  Two  peaks,  one  located  at  1521  cm“l  and  one  located 
at  1726  cm“^,  were  found  to  have  a  correlation  to  changes  in  propellant/ 
liner  bond  strength. 


Figure  44  shows  the  correlation  between  the  peak  at  1521  cm"^  and  pro 
pellant- to -liner  peel  strength.  A  strong  correlation  is  displayed  here. 

Figure  45  shows  the  correlation  between  the  peak  at  1726  cm  ^  and  gel 
fraction  of  the  propellant.  The  peak  at  1726  cm'^  in  minimum  smoke  propellant 
is  probably  characteristic  of  the  urethane  linkage  in  the  binder  of  the  propel 
hint.  Tliis  same  peak  was  found  to  correlate  with  propellant /liner/insulation 
composite  tensile  stress,  us  displayed  iti  Figure  46  and  with  propellant /liner 
peel  strength,  as  displayed  in  Figure  47. 


96 


TI-R300  INSULATION  SOL 


Gel  Fraction 


WAVE  NUMBER 


-1 

111 


IZSI  XV 
3d  3AIX\n3H 


CS| 

in 


0) 

Oh 

T3 

i 


Figure  44.  Minimum  Smoke  Propellant  Correlation  Between  Propellant /Liner  Peel 


0.  0  INCH  FROM  LIKER 


Figure  47.  Minimum  Smoke  Propellant  Correlation  Between  Propellant /Liner  Peel  and  Peak  at  1726  cm 


Conclusions  from  Phase  I  Work 


Following  are  the  general  conclusions  which  were  drawn  based  upon 
the  work  of  Phase  1. 

1)  Sample  preparation  procedures  were  established. 

2)  IR  data  acquisition  procedures  were  established. 

3)  IR  of  whole  liner  and  insulation  were  determined  not  to  be 
quantitatively  useful. 

4)  IR  of  sol  fraction  was  detei*mined  to  be  quantitatively 
excellent . 

5)  The  best  IR  data  for  propellant /liner  bond  studies  comes 
from  propellant  near  the  bond  line. 

6)  No  useful  information  was  derived  from  IR  of  whole  minimum 
smoke  propellant. 

7)  IR  of  gel  fraction  of  minimum  smoke  propellant  was  determined 
to  be  quantitatively  useful. 

8)  HTPB  propellant:  Propellant /Uner  peel  test  was  most  useful. 

9)  Minimum  smoke  propellant:  Propellant /liner  peel  was  good  - 
composite  adhesion  was  good. 

10)  For  HTPB  propellant  (AP /urethane) ,  the  best  IR  information  is 
at  3008  cm‘l. 

11)  For  minimum  smoke  propellant  gel  fraction  (urethane),  the  best 
IR  information  is  at  1726  and  1521  cm'l. 


PHASE  II  -  SERVICE  LIFE 


Task  1  -  Future  Properties  Programming 
Summary  of  Programs 

The  principal  goal  of  the  computer  programming  portion  of  this  project 
has  been  two- fold:  (1)  To  Identify  propellant  and  bond  mechanical  properties 
from  IR  spectral  data,  and  (2)  predict  what  propellant  or  bond  mechanical 
properties  will  be  at  a  future  time  at  some  selected  storage  temperature.  We 
started  this  project  with  two  computer  programs,  E490  and  E410.  The  E490 
program  accepted  the  IR  spectral  data  from  magnetic  tape,  computed  normal¬ 
ized  spectra,  tabulated  peak  heights,  and  then  performed  certain  correlation 
operations  using  input  from  computer  program  E410.  Computer  program  E410 
accepted  propellant  mechanical  properties  data,  along  with  the  aging  time  and 
temperature  parameters  associated  with  those  data.  It  then  tabulated  the 
data  and  put  them  on  magnetic  tape  so  they  would  be  available  to  the  E490 
program . 

The  functions  of  these  two  computer  programs  have  remained  basically 
the  same  through  our  continued  programming  efforts;  however,  some  of  the 
specific  functions  have  changed.  Old  functions  have  been  dropped,  new 
functions  added  so  that  the  entire  package  is  better  organized,  easier  to 
use,  and  performs  its  operations  in  a  way  that  is  more  convenient  to  the  user. 

Table  26  summarizes  the  input  and  output  of  the  set  of  programs  for  the 
Bondline  Infrared  Spectroscopy  project.  The  first  program  described  in  Table 
26  is  E490  and  the  input  to  this  program  is  the  IR  spectra  as  supplied  on  the 
magnetic  tape  from  the  FTS-10  infrared  spectrophotometer.  The  output  of 
E490  is  a  tabulation  of  normalized  peak  heights,  and  this  tabulated  data  set  is 
also  deposited  on  disc  for  use  by  other  computer  programs. 

The  second  of  the  computer  programs  is  E572.  This  program  is  for 
regression  analysis  and  uses  component  parts  of  a  Thiokol  program  (E023). 
E572  has  as  input  the  spectral  peak  data  from  E490  and  the  bond  aging 
data  from  program  E410.  The  output  of  the  program  is  a  gression  analysis 
showing  the  interrelationship  among  spectral  peak  heights  and  the  piMpellant 
and/or  bond  properties.  Mechanical  properties  are  presented  as  functions 
of  spectral  peak  heights.  Simple  and  multiple  linear  correlations  are 
calculated  for  a  variety  of  transformations  on  each  of  the  variables. 

The  third  pwgfram  presented  on  Table  26  is  E410.  This  program  has 
remained  basically  unchanged  from  the  earlier  version.  Its  input  is  mechani¬ 
cal  property  data  (whether  it  be  bond  or  propellant  data)  and  the  time  and 
temperature  associated  with  each  of  the  mechanical  properties.  The  output  of 
program  E410  is  a  tabulation  of  mechanical  properties  at  the  associated  time 
and  temperature.  This  entire  data  set  is  also  stored  on  disc  where  it  is 
readily  available  for  use  by  the  other  computer  programs  in  this  set. 

The  fourth  computer  program  listed  in  Table  26  is  E571  and  is 
concerned  with  the  computation  of  activation  energy  for  use  in  the 
Arrehenius  equation.  Input  to  this  program  is  the  peak  height  data  from 
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TABLE  26 


1 


i: 


F  • 


SUMMARY  OF  PROJECT  COMPUTER  PROGRAMS 


INPUT 

IR  spectra,  on  mag  tape 


Peak  heights  and  bond 
mechanical  properties 
Cor  propellant  mechanical 
properties) 


Mechanical  Properties 
(bond  or  propellant), 
time  and  temperature 


Peak  height  data 
(E49C),  time  and 
temperature  (E410) 


Equations  from  REGS; 
and  activation  energy 
and  reaction  rate 
constant  from  ACT 


PROGRAM  NAME 
E490 

E572 

(Regression) 


E410 


E571 


(Activation  Energy) 


E57^' 

(Prediction) 
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OUTPUT 

1)  Tabulation  of  normalized 
peak  heights. 

2)  Data  set  (1)  on  disc. 

1)  Mechanical  properties  as 
a  function  of  spectral 
peak  heights .  Includes 
simple  and  multiple  linear 
correlation ,  and  a  variety 
of  transformations  on  each 
variable . 

1)  Tabulation  of  mech/inicaJ 
properties  at  asacciiited 
time  and  temperature. 

2)  Data  set  (1)  on  disc. 

1)  Activation  energy  based  on 
peak  height  changes  at 
any  selected  wave  numbers. 

2)  Reaction  rate  constants  at 
any  selected  tempex'ature 
(not  just  aging  program 
temperatures) . 

1)  Identification  of  propellant 

or  bond  mechanical  properties 
from  spectral  data. 

2)  Prediction  of  mechanical  pro 
perties  at  any  future  time  at 
any  temperature. 


program  E490  and  the  time  and  temperature  data  associated  with  Ihcae  infrared 
peak  heights  from  program  E410.  The  output  of  program  E571  is  the  activa¬ 
tion  energy  for  the  propellant  based  on  peak  height  changes  at  any  selected 
wave  number.  Another  output  is  the  reaction  rate  constant  at  any  selected 
temperature,  not  just  the  temperatures  in  the  aging  program  used  to  derive 
the  peak  height  data. 

The  fifth  and  last  program  in  the  Table  26  summary  is  E575.  This 
program  has  as  its  input  the  equations  from  the  E572  program  and  the 
activation  energy  and  reaction  rate  constants  from  program  E571.  The 
output  of  E575  is  to  Identify  the  propellant  or  bond  mechanical  properties 
from  the  spectral  data  such  that  the  actual  mechanical  property  testing 
of  the  propellant  does  not  have  to  take  place ,  but  that  the  properties  can 
be  derived  based  upon  the  infrared  spectrum  of  the  propellant.  The 
second  output  from  this  program  will  be  a  prediction  of  mechanical  properties 
and/or  bond  properties  at  any  future  time  at  any  temperature. 

The  interrelationship  among  these  five  computer  programs  is  displayed 
graphically  in  Figure  48.  It  shows  the  total  input  to  this  group  of  computer 
programs,  the  output  from  each  pix>gram  and  how  that  output  is  used  to 
arrive  at  the  Bondline  project  objectives  of:  (1)  Identifying  propellant  and 
bond  properties  from  IR  data,  and  (2)  the  prediction  of  propellant  mechanical 
properties  or  bond  properties  at  some  future  time. 

More  information  on  the  functioning  of  each  program  follows.  A 
detailed  description  of  how  to  use  each  program  will  be  found  in  "User's 
Manual  for  Bondline  Infrared  Spectroscopy  Code"  by  R.  J.  Schorr. 

E410  -  Propellant  Properties  Computer  Program  Description 

Program  E410  is  designed  to  create  and  maintain  a  permanent  dataset 
for  solid  propellant  mechanical  and  other  properties  from  test  data  punched 
on  cards.  Once  established,  this  dataset  will  be  utilized  for  input  to  E571 
and  £572  computer  programs  along  with  the  data  set  generated  by  E490. 

This  FORTRAN  code  consists  of  two  parts,  a  main  and  a  subroutine 
called  RENAME.  The  main  program  creates  the  initial  dataset  and  lists  the 
data  contained  in  the  file.  RENAME  is  designed  strictly  for  updating  or 
accessing  an  existing  propellant  file.  No  computations  ax’e  performed  on  the 
data.  The  data  is  strictly  read  from  cards  and  written  to  disc  or  tape. 

The  generated  dataset  may  contain  a  maximum  of  a  100  logical  records, 
each  record  corresponding  to  all  the  test  data  for  one  specimen.  The  data 
is  unformatted,  single  precision,  and  written  in  the  following  sequence: 

Record  number,  aging  time,  ageing  temperature,  test  temperature,  followed 
by  ten  (10)  propellant  properties;  the  same  way  it  is  listed  on  the  print-out. 
The  first  six  properties  have  been  predefined  as: 

1)  Modulus  (PSD 

2)  Strain  at  Bi’eak  (%) 

3)  Strain  at  Maximum  Stress  (%) 
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IR  Spectral 


Figure  48.  Interrelationships  Among  Project  Computer  Program 


4)  Maximum  Stress  (PSt) 

5)  Strain  Energy  Density  vpsi) 

6)  Strain  Endurance  (%) 

The  remaining  four  (4)  properties  may  be  anything  the  user  wishes. 

E490  -  IR  Data  Reduction  Computer  Program  Description 

The  primary  function  of  program  E490  is  to  read  infrared  spectral  data 
on  Digilab  FTS-10  tape  and  extract  from  it  a  set  of  infrared  peak  heights 
which  are  significant  and  cem  be  compared  to  sets  of  peak  heights  from  other 
FTIS  spectra.  For  each  infrared  spectrum  on  an  FTS-10  tape,  a  set  of  peak 
heights  can  be  written  to  a  permanent  tape  or  d'^c  file. 


E490  can  operate  in  one  of  two  modes.  The  first  time  E490  is  executed 
in  a  test  series,  it  is  run  in  the  CREATE  mode,  generating  a  new  dataset  on 
tape  27.  In  subsequent  runs  involving  related  spectra,  E490  is  run  in  the 
UPDATE  mode  in  which  an  existing  dataset  is  read  as  tape  26,  added  to,  and 
written  to  a  new  dataset  on  tape  27. 

The  following  table  illustrates  hov;  data  from  n  FTIS  files  are  stored  on 

tape. 


Logical  Record  Type  Data 


1 

2 

3 

4 


Real  Normalization  peak  height;  APMX 

Integer  Number  of  IR  absorbances /FTIS  file-NPEAKS 
Integer  Dataword  of  each  IR  absorption- NDAWDO 

Real  Wave  number  of  each  IR  absorption- WAVENOO 


5 


n 


Integer  Logical  sequence  number  for  this  spectw'al  file 
Alpha  FTIS  tape  number-TAPENO 

Integer  FTIS  file  number-NFIL 

Real  IR  peak  heights  for  each  absorption-HGT() 

Integer  Logical  sequence  number  for  this  spectral  file 
Alpha  I'TIS  tape  number-TAPENO 

Integer  FTIS  file  number-NFIL 

Real  IR  peak  heights  for  each  absorption- HGT  () 


E571  -  Activation  Energy  Computer  Program  Description 

Because  IR  absorption  is  related  to  the  quantity  of  a  chemical  specie  in 
a  propellant,  changes  in  IR  absorption  with  respect  to  time  should  be  related 
to  the  reaction  rate  of  those  species.  From  knowledge  of  a  reaction  rate,  we 
can  predict  what  the  IR  absorption  will  be  in  the  future. 


Program  E571  serves  tv.o  functions,  the  second  one  being  a  continuation 
of  the  first.  These  two  functions  are: 
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1.  Determine  the  linear  relationships  between  any  propellant 
property  listed  in  the  propellant  property  file  and  the  IR 
absorptions  listed  in  the  E490  generated  dataset.  It  was 
intended  that  IR  absorptions  would  typically  be  a  variable 
in  this  relationship;  however,  any  two  variables  may  be  used. 

Determine  first-order  reaction  rate  constants  and  activation 
energies  of  reactions  associated  with  changes  in  IR  absorptions. 

Since  E571  is  dependent  on  E410  and  E490  for  data  input,  it  cannot  be 
executed  until  both  E410  and  E490  have  generated  their  respective  datasets. 

Prior  to  determining  the  linear  relationship  between  two  variables,  any 
of  several  types  of  transformations  may  be  performed  on  either  one  of  both 
variables.  The  FORTRAN  code  contains  a  single  subroutine  TRNVAR  which 
is  called  upon  to  perform  those  transformations. 

The  majority  of  the  computations  in  E571  involve  finding  least  square 
regression  lines.  The  general  algorithm  for  E571  is  as  follows: 

1.  Read  input  data  specifying  dependent  and  independent  variable, 
transformations  to  be  used,  and  on  which  records  in  propellant 
property  and  IR  data  files  to  find  each  observation  for  specified 
variables . 

2.  Read  data  from  tape  25  (propellant  property  file)  oiid  tape  20 
(IR  data  file) . 

3.  Perform  transformations: 

y  =  fnj^  (dependent  var) 

X  =  fn^  (independent  var) 

4.  Calculate  least  square  regression  line, 

y  =  Bq  BjX, 

the  standard  error  of  estimate,  and  the  correlation  coefficient. 

5.  Repeat  step  2-4  for  each  IR  absorption  specified  in  input. 

6.  Repeat  step  2-5  for  another  set  of  ob::ei’vations,  if  any  exist. 

7.  If  regression  equation  is 

ln(IR  absorption)  =  Bq  +  Bj^faging  time) 

=  rate  constant 

anc  It  has  been  determined  for  at  least  two  sets  of  observations 
at  different  aging  temperatures,  continue. 

8.  Tabulate  Bj^  (rate  constant)  at  each  aging  temperature  for  each  IR 
absorption  r 
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Calculate  and  list  the  least  square  regression  bne 


ln(abs(6j))  =  E^/R(l/T)  +  C 

T  =  aging  temperature  (°K) 

E^=  Activation  Energy 

R  =  Gas  constant 

for  each  IR  absorption. 

Calculate  and  list  E^  for  each  IR  absorption. 

ES72  -  iVlultiple  Regression  Computer  Program  Description 

E572  is  designed  to  generate  two  empirical  equations  from  data  in  files 
generated  by  E410  and  ii490. 

1.  A  multiple  linear  regression  equation  relating  any  propellant  pro¬ 
perty  in  the  mechanical  property  file  to  IR  absorbances  tabulated 
by  E490. 

fn(property)  =  Bq  +  B^fn^tA^^)  +  32fn2(A2)  + 

A.  =  ith  IR  absorbance  value 
fn.  =  transformation  for  A.^ 

2.  An  equation  relating  a  propellant  property  to  a  function  of  time 
obtained  by  substituting  regression  equations 

fn^(Aj)  =  ^fnj^(time) 

fn2(A2)  =  ^2 

fn^tAg)  =  0C3  +  ^gfng(time) 


fn  (A  )  =  Un  +  fn  (time) 
n'  n  0  n  n 


(2) 


into  equation  (1),  resulting  in 

fn(property)  =  C„  +  C.fn.(time)  +  C„fnn(time)  +  ...  +  C„fn  (time)  (31 
u  X  i.  L  u  n  n 

Since  E572  is  dependent  on  E410  and  E490  for  data  input,  it  cannot  be 
executed  until  both  E410  and  E490  have  generated  their  respective  datasets. 

The  FORTRAN  code  consists  of  a  main  program  which  does  all  the  com¬ 
putations  except  for  the  transformations.  These  are  handled  by  two  sub¬ 
routines  called  TRAN  and  UNTRAN.  UNTRAN  does  the  inverse  transformations. 


The  gonerul  alfrorithm  for  E572  is  as  follows; 

1.  Read  input  data  from  a  NAMELIST  called  INPUT. 

2.  Read  tape  25  (propellant  properties). 

3.  Read  tape  27  (IR  absorptions). 

4.  Perform  transformations  on  variables. 

5.  List  transformed  variables  for  each  observation. 

6.  Calculate  and  list  simple  linear  correlation  coefficiento  between 
each  variable. 

7.  Enter  coefficients  for  the  independent  variables  (IR  absorptions) 
into  the  reRTOssion  equation  (1)  one  at  a  time  boRinninif  with  the 
iiiOHt  Hignlflcant  as  delermlnod  by  ari  I*’  value  lest.  With  each 
coefficient  going  into  the  regression  equation,  calculate  and  list 
the  F  value  along  with  the  standard  error  of  estimate  associated 
with  each  coefficient  and  the  standard  error  of  estimate  of  the 
dependent  variable. 

8.  After  all  the  coefficients  are  entered,  calculate  and  list  the 
multiple  linear  correlation  coefficient. 

9.  Calculate  and  list  the  predicted  value  of  the  propellant  property 
along  with  the  actual  property  for  each  observation. 

10.  Repeat  steps  2-9  for  other  dependent  variables  (propellant  pro¬ 
perties)  listed  in  input. 

11.  Determine  the  least  square  regression  line  (2)  for  each  independent 
variable  in  equation  (1).  A  transformation  on  time  may  be  speci¬ 
fied  in  INPUT  by  TIMTRN(). 

12.  , Substitute  tlic  rolatloriM  dut<!rniino(l  in  the  previous  slop  iulo 
equation  (1)  yielding  equation  (3). 

E575  -  Future  Properties  Computer  Program  Description 

Program  E575  u.ses  data  generated  by  E571  and  E572  to  predict  future 
propellant  properties  at  any  timc-T  given  a  normalized  infrared  absorbance 
at  time=0.  E575  is  a  short  program  that  calls  no  subroutines  and  neitlicr 
uses  nor  generates  datasets  or  tapes. 

The  general  program  algorithm  is  as  follows: 

1.  Given  a  rate  constant  for  a  particular  temperature  and  the  activa¬ 
tion  energy  (output  from  E571),  determine  the  rate  constants  at 
the  expected  aging  temperature  for  a  particular  infrared  tibsorption 
using  the  Arrhenius  equation: 
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In 


(1) 


*^2  ‘’^A  (Tj  T2) 

ki  R  (TjTg) 

kj^  =  rate  constant  (time  at  temperature  (°K) 
kg  =  rate  constant  (time'^)  at  temperature  Tg  (®K) 

E  =  Activation  Energy  (cals /mole) 

R  =  Gas  constant 

If  rate  constants  are  available  for  more  than  one  temperature, 
calculate  kg  for  eacn  and  average  the  results. 

2.  Repeat  step  1  for  other  pertinent  infrared  absorptions. 

3.  Given  an  infrared  absorption  Aq  at  tin)e=0,  calculate  the  infrared 
absorption  value  at  times^  using  (pseudo)  first  order  kinetics. 

InA^  =  -kgt  +  (2) 

4.  Repeat  step  3  for  other  pertinent  inftared  absorptions. 

5.  Given  the  regression  equation  relating  propellant  property  to 

infl'ared  absorptions  (generated  ft>om  E572) ,  make  the  appropriate 
transformations  on  the  Infrared  absorptions  to  give  fh,(A.)  and 
predict  fti(MP)*  at  time=t.  ^ 

fn(MP)  =  Pq  +  6ifh^(A^)  +  32':bj,(A2)  +  ...  +  ^n^^CA^)  (3) 

6.  The  inverse  function  of  fn(MP)  is  taken  to  get  tl'e  value  of  the 
propellant  property. 

Ration-^lri  for  Future  Bond  Property  Prediction 

The  first  step  in  the  prediction  of  future  bond  properties  of  propellant/ 
liner /insulation  systems  (can  also  be  applied  to  all  correlated  physical  proper¬ 
ties)  involves  the  acquisition  of  data  characterizing  the  chemical  structures  in 
the  infrared  spectra  that  are  changing  with  time.  In  order  for  the  peak 
heights  of  each  functional  group  between  spectra  to  be  compared  quantitatively, 
all  the  spectra  in  a  considered  group  must  be  normalized  relative  to  one  of  the 
spectra  in  the  group.  The  peak  selected  for  normalizing  is  one  T'hich  is 
least  likely  to  change  during  the  aging  period,  such  as  the  saturated  carbon- 
hydrogen  absorption  peak. 

We  will  assume  that  the  majority  of  the  detected  aging  reaetions  are 
first  order.  The  foundations  of  this  assumption  are  the  small  range  of  change 
occurring  in  a  given  functional  group  during  aging  and  the  majority  of  com¬ 
ponents  arc  at  such  a  high  percentage  that  their  concentration  may  be 


MP  =  mechanical  property, 
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considex’ed  constant.  Also,  the  data  agree  with  and  support  first  order 
kinetics . 


'I'lio  rate  of  n  firsl  order  reaction  at  any  time  at  a  conal;  at  tcinpx'ratnro 
Ik  directly  proportional  to  the  concentration  C  of  reactant  A  whox’e 

a 


dt 


(1) 


and  K.  is  the  specific  rate  constant.  If  ’*a'’  is  the  initial  concentration  of 
A,  ana  "x"  the  decrease  in  concentration  of  A  due  to  reaction  up  to  time=t, 
then  =  a  -  X  at  time  t, 


_  -d(a-x)  _  dx 
dt  dt  ”  ^ 

and  equatlvin  (1)  becomes 


af  =  Ki(a-x)  (2) 


Integrating  equation  (2)  and  rearrangements  gives 
In(a-x)  =  "Kjt  +  Ina 


(3) 


In  the  bondlino  program,  tiso  peak  heights  from  the  spectral  data  arc 
equivalent  to  "a-x"  in  equation  (3).  A  plot  of  In(a-x)  versus  t  should  yield 
a  straight  line  in  which  the  y  intercept  will  be  Ina  (peak  height  at  zero  age 
time)  and  the  slope  equals  -K..  By  plotting  the  In  peak  height  data  versus 
time  for  each  of  several  agin g^ temperatures,  the  specific  rate  constants  for 
the  peaks  that  change  can  be  determined  at  each  aging  temperature. 

The  variation  of  rate  constants  with  temperature  can  be  represented 
by  the  Arrhenius  equation 

dlnK  ^ 


where  K  is  the  reaction  rate  constant,  T  the  absolute  temperature,  R  the  gas 
constant,  and  Ea  the  energy  of  act’vation.  Integrating  (4)  we  obtain 


InK 


-Ea 

RT 


+  C 


(5) 


A  plot  of  InK  against  ^  should  be  a  straight  line  wi  h 
slope  = 


-Ea 

R 


Using  the  rate  constants  determined  for  a  given  infrared  peak  at  each 
aging  temperature,  we  can  calculate  the  activation  energy  Ea  of  each  peak. 
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If  vve  integrate  equation  (4)  between  the  limits  K  =  K,  at  T  =  T-  and  K  =  K 
at  T  =  Tg,  then  ^  ^ 


In 


R' 


(0) 


and  as  soon  as  Ea  and  a  value  of  K  at  one  temperature  are  known ,  K  at 
another  temperature  may  be  calculated. 

Remaining  data  necessary  to  predict  future  bond  properties  are  a  good 
correlation  between  measured  bond  properties  and  an  infrared  peak  for  which 
rate  constants  and  activation  energy  have  been  derived.  The  relationship 
does  not  have  to  be  linear,  but  may  involve  a  transform  applied  either  to  the 
bond  property  or  infirared  peak  height  or  both.  These  transforms  may  include 

1  =  log  (X) 

2  =  (x  =  constant 

3  =  /x 

4  =  ln(x) 


To  calculate  or  predict  a  bond  property  value  at  some  future  time  t 
and  at  an  aging  temperature  T^,  the  following  steps  are  followed: 

a)  The  activation  energ-y  and  one  rate  constant  derived  for  the 

peak  being  used  are  entered  in  equation  (6)  to  calculate  the 

rate  constant  K„  at  temperature  T„. 

n  ‘  n 

b)  The  rate  constant  Kj^,  time  t,  and  an  initial  absorbance 

value  for  the  peak  are  entei'ed  in  equation  (3)  to  calculate  the 

absorbance  value  at  time  t  . 

n 

c)  The  derived  absorbance  value  at  time  t  is  entered  into  the 
equation  relating  peak  height  and  the  bond  property  to 
calculate  the  new  bond  property  value  at  time  t^. 

Task  2  -  Bond  System  Aging  and  Data  Analysis 

Two  distlrctly  different  bond  systems  were  prepared,  aged  and  tested 
during  this  task.  One  was  based  on  an  HTPB  propellant  and  the  other  on 
a  minimum  smoke  propellant. 

Preparation  of  Bond  Samples  tor  Aging 


Materials  used  in  the  IITPB  bond  system  are  presented  in  Table  27. 

Ti  e  propellant  is  TP-H8288;  the  liner  is  TL-H755A;  while  the  insulation  is 
TI-R701,  an  asbestos-free  insulation.  Compositions  of  all  three  materials 
are  given  in  Table  27. 

Samples  for  the  minimum  smoke  propel' int  bond  system  are  made  up  of 
propellant  TP-Q7030,  liner  TL-H774A,  and  insulation  TI-R701.  Compositions 
of  all  three  materials  are  presented  in  Table  2r. 
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TAULE  27 


MTPB  TYPE  BOND  SYSTEM  AGING 


Propellant:  TP  118288 
Liner:  TL  H755A 
Insulation:  TI-R70I 


COMPOSITIONS 


TP  118288 


L-n755A 


TI  R701 


Material 

Weijrhl 

(  R-45M /Mixed  Antioxidant 
\  DDI 

1  DOA 

(  HX-752 

»  13. C 

1  Mallistic  Stabilizer 

l.( 

/  RDX 

4.( 

(  AP 

82. ( 

(  U-45M 

41.; 

)  DDI 

12.' 

]  HX-868 

6.( 

(  Cai'bon 

40.  ( 

J  Polyisoprene  Binder 
)  Kovlar'*>  Fiber  Filler 

TABLE  28 


MINIMUM  SMOKE  TYPE  BOND  SYSTEM  AGING 


Propellant:  TP-Q7030 
Liner:  TL-H774A 
Insulation:  T1-R701 


TP-Q7030 


TL-H774A 


Material 

Weight,  % 

Minimum  Smoke  Binder 

6.657 

Nitrate  Plasticizers 

22.843 

Ballistic  Additives 

3.000 

Nitrate  Oxidirers 

67.500 

R-45HT 

45.526 

DDI 

10.204 

HX-86S 

4.000 

Carbon 

40.000 

Maleic  Anhydride 

0.135 

♦jBl 

0.135 

TI-R701 


{Polyisoprene  Binder 
Kevlar®'  Fiber  Filler 
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Two  types  of  composite  bond  samples  were  prepared:  Peel  samples  and 
composite  odhesion  samples.  The  composite  adhesion  sample  consists  of  u 
2-inch  diameter  disc  of  prevulcanized  insulation  positioned  in  a  2-inch 
diameter  mold.  Approximately  0.030  inch  of  liner  is  cured  on  top  of  the 
insulation  and  the  propellant  cast  onto  the  liner.  The  peel  specimen  con¬ 
sists  of  a  2-inch  by  4-inoh  section  of  prevulcanized  insulation  positioned  at 
the  bottom  of  a  2-inch  by  2-inoh  by  1-inch  mold  with  approximately  0.U30  inch 
of  liner  cast  on  the  insulation  in  a  mold.  tVhen  the  liner  has  been  cured,  the 
propellant  is  cast  on  top  of  the  liner  to  a  depth  of  about  O.S-inch, 

Aging  Plan 

The  aging  lest  matrix  for  the  HTPB  bond  system  is  displayed  in  Table 
29,  while  the  aging  test  matrix  for  the  minimum  smoke-type  bond  system  is 
given  in  Table  30.  Shown  on  those  two  tables  are  the  number  and  types  of 
tests  that  were  run  at  each  of  the  time/temperature  test  intervals. 

Aging  Data 
Bond  Data 

Tensile  adhesion  and  peel  strength  for  the  HTPB  propellant  bond  system 
are  displayed  in  Table  31,  while  the  data  for  the  minimum  smoke  propellant  bond 
system  are  displayed  in  Table  32.  During  the  time  these  aging  programs  were 
in  progress,  a  safety  incident  (not  connected  with  this  program)  occurred 
which  necessitated  moving  the  HTPB  bond  aging  samples  from  one  165°F  oven 
to  another.  Two  sets  of  samples  were  misplaced  and  never  found;  therefore, 
the  24  and  32-week  data  for  165®F  aging  are  missing. 

Tests  of  the  minimum  smoke  propellant  bond  system  were  planned  for 
only  16  weeks  at  165®F.  This  plan  was  based  on  results  of  other  agmg  pro¬ 
grams  wherein  it  was  found  that  the  stabilizer,  MNA,  was  depleted  after 
al)out  12  weeks  at  165°F.  With  depletion  of  MNfA,  tho  propellant  binder 
degraded  very  rapidly  and  whether  the  propellant  could  bo  tested  became 
questionable.  On  Table  32,  note  that  at  12  weeks  of  aging  the  peel  strengtli 
of  the  bond  system  was  almost  nil.  At  16  weeks  of  aging  the  peel  sample 
literally  fell  apart  when  it  was  being  placed  in  the  test  apparatus  (Instron 
tensile  tester) . 

Variation  of  the  tensile  adhesion  of  the  HTPB  propellant  bond  system 
with  age  time  is  displayed  in  Figure  49,  while  the  variation  of  peel  strength 
with  age  time  at  the  various  age  temperatures  is  plotted  in  Figure  50.  The 
response  of  the  minimuk.i  smoke  propellant  bond  system  to  aging  time  is  shown 
on  Figure  51  for  the  tensile  adhesion  and  on  Figure  52  for  peel  strength. 

IR  Data 


IR  spectra  of  the  HTPB  propellant  in  the  bond  samples  were  made  at 
the  propellant /liner  bond  interface  and  at  0.5  inch  from  the  interface.  Five 
spectra  were  made  at  each  age  time /temperature  condition,  each  spectrum 
made  of  a  separate  sample.  The  five  spectra  at  each  time /temperature  condi¬ 
tion  were  electronically  averaged  and  this  average  spectrum  employed  in  the 
data  correlations. 
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TABLE  29 


HTPB 


AGING  TEST  MATRIX 


Storage 

Sample  Type  Condition 

Propellant /liner /insulation  Purged  with 
Composite  Adhesion  N2 

(Note  1) 

Propellant /liner /insulation  Purged  with 
Peel  Specimens  N2 

(Note  2) 

Propellant /liner  insulation  Purged  with 
Composite  Peel  N2 

(Note  3) 


TEST  LEVELS 

I/ovel  1:  Composite  bond  tests  at  77°F. 
I.evcl  2:  Peel  test  at  77°F. 

Level  3:  Samples  for  infrared  analysis 
inch  from  the  interface. 


Testing  Level  At 
Storage  Storage  Time,  Wks 


Temp. 

0 

1 

2 

4 

8 

I2 

12 

(®F) 

77 

1 

1 

1 

1 

1 

1 

100 

1 

1 

1 

1 

1 

130 

1 

1 

1 

1 

1 

165 

1 

1 

1 

1 

1 

1 

1 

77 

2 

2 

2 

2 

2 

2 

100 

2 

2 

2 

2 

2 

130 

2 

2 

2 

2 

2 

165 

2 

2 

2 

2 

2 

2 

2 

77 

3 

3 

3 

3 

3 

3 

100 

3 

3 

3 

3 

3 

130 

3 

3 

3 

3 

3 

165 

3 

3 

3, 

3 

3 

3 

3 

of  propellant  at  interface  and  0.5 


NOTES: 


1) 

3  samples  per  aging  condition  = 

23  X 

3 

=  69 

2) 

3  samples  per  aging  condition  = 

23  X 

3 

=  69 

3) 

1  sample  per  aging  condition  = 

23  X 

1 

=  ^ 

TOTAL 

:  161. 
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TABLE  30 


MINIMUM  SMOKE 


AGING  TEST 

MATRIX 

Testing  Level  At 

Storage 

Storage 

-- 

Storage  Time,  Wks 

- 

Sample  Type 

Condition 

Temp. 

0 

1 

2  4 

8 

U 

n 

(°F) 

Propellant  /Uner /insulation 

Purged  with 

77 

1 

1 

1 

1 

1 

1 

Composite  Adhesion 

100 

1 

1 

1 

1 

1 

130 

1 

1 

1 

1 

1 

(Note  1) 

165 

1 

1  1 

1 

1  1 

Propellant  /  liner /insulation 

Purged  with 

77 

2 

2 

2 

2 

2 

2 

Coinposilo  peel 

^2 

100 

2 

2 

2 

2 

2 

130 

2 

2 

2 

2 

2 

(Note  2) 

165 

2 

2  2 

2 

2  2 

Propellant  /liner  /insulation 

Purged  with 

77 

3 

3 

3 

3 

3 

3 

Composite  Peel 

^^2 

100 

3 

3 

3 

3 

3 

130 

3 

3 

3 

3 

3 

(Note  3) 

165 

3 

3  3 

3 

3  3 

TEST  LEVELS 

Level  1:  Composite  bond  tests  at  77®F. 

Level  2:  Peel  test  at  77°F. 

Level  3:  Samples  for  infrared  analysis  of  propellant  gel  fraction  at  interface 
and  0 . 5  inch  from  the  interface . 


NOTES: 

1)  3  samples  per  aging  condition  =  22  x  3  =66 

2)  3  samples  per  aging  condition  =  22  x  3  =66 

3)  1  sample  per  aging  condition  =  22  x  1  =  22 


TOTAL:  154 
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TABLE  31 


HTPB  PROPEI.LANT  BOND  SYSTEM  AGING 
(Mix  T-1161) 


Time 

Age  Temp. 

Tensile  Adhesion 

Failure  Mode 

Peel 

Failure  Mo'k; 

(Weeks) 

(op) 

(psi) 

(pli) 

0 

77 

81.7 

Propellant 

3.3 

Propellant 

1 

165 

85.0 

Propellant 

8.0 

Propella  ' 

2 

165 

10'^.  5 

Propellant 

12.6 

Pi-opellant 

4 

77 

111.2 

Propellant 

8.9 

Propellant 

100 

100.5 

Propellant 

10.1 

Propellant 

130 

123.2 

Propellant 

9.8 

Propellant 

165 

108.2 

Propellant 

13.4 

Propellant 

8 

77 

88.6 

Propellant 

9.0 

Propellant 

100 

90.2 

Propellant 

7.8 

Propellant 

130 

94.9 

P,  BL/P 

10.6 

Propellant 

165 

98.1 

BL/P 

12.0 

Bond  &  P 

16 

77 

75.7 

Propellant 

8.7 

Propellant 

100 

87.2 

BL/P 

8.5 

Propellant 

130 

99.8 

BL/P 

12.5 

BL/P 

165 

106.8 

BL/P 

5.3 

BL/P 

24 

77 

86.0 

Propellant 

o .  8 

Propellant 

100 

98.0 

Propellant 

11.6 

Propellant 

130 

’07.0 

Propellaiit 

33.9 

Propellant 

165 

SAMPLES  LOST 

32 

77 

70.6 

PropePant 

9.7 

Propellant 

100 

38.5 

Propellant 

11.7 

P'  opellant 

130 

90.1 

Propellant 

3.2 

BL/P 

165 

SAMPLES  LOST 

NOTES :  P  =  propellaiit;  BL  =  bond  line. 


MINIMUM  SMOKE  PROPELI-ANT  BOND  SYSTEM  AGING 


(Mix  X  27) 


Time 

Age  Temp. 

Tensile  Adhesion 

Failure  Mode 

Peel 

Failure  Mode 

(Weeks) 

(°F) 

(psi) 

(pli) 

0 

47.7 

Propellant 

14.0 

Propellant 

1 

165 

41.8 

Propellant 

29.3 

Propellant 

2 

165 

50.8 

Propellant 

21.1 

Propellant 

4 

77 

52.2 

Propellant 

27.7 

Propellant 

100 

78.8 

Propellant 

26.1 

Propellant 

130 

71.1 

Propellant 

33.2 

Propellant 

165 

81.4 

Propellant 

14.3 

Propellant 

8 

77 

50.0 

Propellant 

30.5 

Propellant 

100 

45.4 

Propellant 

>28.7 

P,  PFF 

130 

54.4 

Propellant 

>28.3 

P,  PFF 

165 

69.3 

P,  BL/P 

3.3 

TCP/h 

12 

165 

53.3 

Propellant 

2.3 

TCP/L 

16 

77 

57.2 

Propellant 

>24.0 

Propellant 

100 

52.5 

Propellant 

>26.9 

Propellant 

130 

62.3 

Propellant 

27.2 

Propellant 

165 

53.8 

NOT 

TESTED. 

24 

77 

91.0 

Propellant 

34.3 

Propellant 

100 

81.0 

Propellant 

31.9 

Propellant 

130 

100.0 

Propellant 

20.7 

Propellant 

32 

77 

43.4 

Propellant 

27,2 

Propellant 

100 

50.5 

Propellant 

32.6 

Propellant 

130 

44.5 

Propellant 

12.9 

Propellant 

NOTES:  P  =  propellant;  BL  =  bond  line;  PFF  =  propellant  pulled  from 

frame;  TCF/L  =  thin  coat  of  propellant  at  liner  interface. 
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Figure  52.  Variation  of  Peel  Strength  with  Time  and  Temperature. 


IR  spectra  of  the  minimum  smoke  propellant  in  the  bond  samples  wore 
made  at  the  propellant /liner  interface  and  at  0.5  inch  from  the  interface. 

Three  propellant  samples  were  taken  at  each  location  at  each  time /temperature 
condition  and  the  sol  ftraction  removed  by  extraction  wi'h  acetone.  IR  spectra 
were  made  of  the  remaining  gel  fraction.  The  three  spectra  at  each  time/ 
temperature  test  interval  were  electronically  averaged  and  this  average 
spectrum  employed  in  the  data  correlations. 

Aging  of  the  two  bond  systems  was  commenced  the  end  of  September, 
1^81;  and  early  in  November,  1981,  before  the  IR  analysis  of  the  4-week 
suiiiples  was  run,  the  infrared  spectrophotometer  failed.  Repair  of  the 
instrument  was  not  effected  totally  until  mid- April,  1982.  Propellant  samples 
for  IR  analysis  collected  during  tliis  5-month  period  were  frozen  and  their 
IR  spectra  made  after  mid-April.  Some  of  the  samples  then  were  stored  for 
5  months  before  their  spectra  were  made;  this  may  have  had  some  effect  on 
the  outcome  of  the  IR  peak  height  correlations  with  time /temperature  and  with 
bond  properties. 

Analysis  of  TP-H8288  Data 

IR  Data  and  Time /Temperature 

IR  spectra  were  made  of  TP-H8288  propellant  at  a  liner /propellant  inter¬ 
face  and  or  samples  taken  from  approximately  0.5  inch  away  from  this  interface. 
Typical  IR  spectra  of  propellant  at  these  two  locations  are  shown  on  Figure  aa 
for  propellant  0.5  inch  from  the  interface  and  Figure  54  for  propellant  ^ear 
that  liner  Interface.  A  common  baseline  data  reduction  technique  was  usdd  for 
this  propellant.  The  location  of  these  common  baseline  areas  is  displayed  in 
Figure  53.  Also  identified  in  Figure  53  is  the  source  of  each  of  the  infrared 
peaks.  Note  that  the  spectrum  Is  dominated  by  RDX  and  there  are  few  peaks 
that  are  totally  free  of  the  influence  of  RDX.  RDX  does  not  change  with  age 
time  the  way  the  binder  in  the  propellant  changes;  and,  if  the  RDX  did  chenge, 
it  probably  would  not  have  a  really  intense  effect  upon  the  mechanical  proper¬ 
ties  of  propellant  (since  it  is  only  4%  of  the  propellant).  Binder  peaks  located 
at  1440  and  1738  cm“l  are  free  of  the  influence  of  RDX.  The  peak  at  1738  is 
the  principle  peak  of  DOA,  with  some  urethane  influence  in  that  peak.  Binder 
peaks  also  appear  in  the  2800  to  3000  region  of  the  spectrum  and  these  peaks 
are  free  of  the  influence  of  RDX .  Other  p*  aks  associated  with  the  binder  are 
cis  unsaturation  in  the  720  cm'l  region  and  trans  unsatnration  at  965  cm'l. 

Correlations  will  be  presented  first  for  propellant  taken  from  the  bond 
interface  and  then  for  propellant  in  the  area  0.5  inch  away  from  the  bond  inter 
face.  Table  33  shows  the  correlations  of  IR  peak  height  and  time  for  the  pro¬ 
pellant.  Only  those  correlations  stronger  than  0.8  are  quoted.  A  review  of 
the  data  on  Table  33  shows  that  at  165°F,  there  were  correlations  at  several 
of  the  peaks  and  fewer  correlations  at  100®  and  130°F.  All  of  the  peaks  that 
correlated  are  in  part  attributable  to  RDX  and  this,  then,  says  that  the  amount 
of  RDX  appearing  at  the  ATR/IRE  surface  is  varying  with  age  time  and  age 
temperature  which  is,  in  reality,  a  correlation  of  propellant  modulus  with  age 
time  and  temperature.  Table  34  is  the  correlation  of  the  natural  logarithm  of 
peak  height  and  time  for  propellant  taken  near  the  bond  interface.  Again,  tl.e 
same  peaks  are  correlating  with  time  as  were  found  in  Table  33.  Correlation 
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Figure  53.  IR  Spectra  of  TP-H8288  Propellant  0.5  Inch  From  Lli^er  Interface. 


imi. 


TABLE  33 


CORRELATION  OF  IR  PEAK  I lEIGHT  AND  TIME . 
IR  OF  PROPELLANT  AT  BOND  INTERFACE 


Wave  No. , 

Correlation  Coefficient 

at  Age  Temperature 

cni'l 

77°F  100°F 

130°F 

1650F 

2749.1 

0.9484 

0.9548 

0.9117 

1532.7 

-0.8013 

1420.7 

0.8042 

1312.6 

-0.8970 

1219.9 

0.8186 

883.9 

0.8935 

853.0 

0.8917 

845.3 

0.8922 

TABLE  34 

CORRELATION  OF  IR  In  PEAK  HEIGHT  AND  TIME. 
IR  OF  PROPELLANT  AT  BOND  INTERFACE 


Wave  No. , 

Correlation  Coefficient 

at  Age  Temperature 

cm 

77°F  lOO^F 

130°F 

'  i65°F 

2749.1 

0.8547 

0.9563 

0.8552 

1532.7 

-0.8257 

1420.7 

0.8602 

1312  6 

•0.9291 

1219.9 

■  0.8250 

883.9 

-0.9166 

853.0 

-0.8060 

-0.9438 

845.3 

-0.9126 

NOTE : 

Common  baseline  data  reduction  used  foj-  the  I'ollowinR'  g'l'oups  of  peaks- 

a)  3090  -  2740  cm'^ 

b)  1660  1630  cm", 

c)  1280  1205  cm' 
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coefficients  are  modified  only  sliglitly  by  taking  the  natural  logarithm  of  the 
peak  height.  The  variation  of  these  peak  heights  with  temperature  where 
the  peak  height  is  a  logarithm  allows  for  the  calculation  of  reaction  rate  con 
stant ,  and  then  these  reaction  rate  constants  can  then  be  correlated  against 
the  reciprocal  of  temperature  in  an  Arrhenius-type  plot.  The  correlation  of 
the  log  of  the  reaction  rate  constant  with  reciprocal  of  absolute  temperature 
is  given  in  Table  35.  The  peaks  that  correlated  with  variation  in  time  also 
appear  here,  plus  several  others  hat  did  not  appear  in  Tables  33  and  34. 
Principally,  the  peak  occurring  at  3007.9  cm'^  is  of  interest  because  it  is 
free  of  the  influence  of  RDX .  The  correlation  coefficient  for  s  caction  rate 
constant  and  reciprocal  of  absolute  temperature  is  quite  high. 


Correlations  of  IR  peak  height  with  time  for  propellant  taken  from  the 
area  about  0.5  inch  from  the  interface  with  the  liner  are  revealed  on  Table 
36.  Peaks  at  2876  and  2749  cm'l  correlated  strongly  with  variations  in  time, 
at  the  three  higher  age  temperatures,  but  these  peaks  are  extremely  small 
as  a  review  of  Figure  53  will  show.  As  a  matter  of  fact,  the  peaks  are  so 
small  that  they  do  not  even  show  on  Figure  53.  Therefore,  we  are  left  with 
one  peak  in  this  series  (  1737  cm"l)  which  shows  a  strong  correlation  with 
time  at  three  age  temperatures.  Changing  to  a  natural  logarithm  of  the  IR 
peak  height  did  not  significantly  change  any  of  the  correlations  (see  Table 
37).  Reaction  r^te  constants  (calculated  from  the  logarithm  of  peak  height  and 
time)  were  correlated  with  1 /absolute  temperature  at  which  the  reaction  was 
occurring.  These  correlations  are  displayed  in  Table  38.  Those  data  show  the 
correlation  for  the  peak  at  1737.4  cm“i  to  be  extremely  high. 


IR  Data  and  Bond  Properties 

Bond  aging  data  presented  earlier  show  that  the  adhesion  and  peel 
strengths  of  the  bond  system  were  not  well-ordered  functions  of  time  at  any 
of  the  aging  temperatures.  Because  of  loss  of  some  samples,  aging  at  165“F 
was  terminated  at  16  weeks,  so  the  data  there  are  very  limited  and  correla 
tions  will  likewise  be  limited.  Correlations  at  other  temperatures  are  display¬ 
ed  on  Tables  39  and  40  for  propellant  taken  at  the  bond  interface.  Data  on 
these  two  tables  show  that  there  are  correlations  in  those  parts  of  the 
infrared  spectrum  which  are  characteristic  of  the  binder;  namely,  peaks  occur¬ 
ring  at  3007.9,  1737.4,  and  1640.8  cm-1.  There  is  also  a  correlation  with  the 
peak  occurring  at  965  cm’^  which  is  also  a  peak  characteristic  of  the  binder 
and  free  of  influence  of  RDX.  Again,  only  those  correlation  coefficients 
higher  than  0.8  are  given. 


Correlation  of  IR  peak  height  with  peel  and  adhesion  for  propellant 
0.5  inch  from  the  interface  is  displayed  in  Tables  41  and  42,  respectively. 
Correlations  of  IR  peak  height  change  with  changes  in  peel  strength  at  this 
distance  from  the  interface  are  very  sparse  and  show  that  there  is  little  in¬ 
fluence  of  propellant  this  far  away  from  the  interface  on  the  peel  strength  of 
the  bond  system.  IR  peak  height  changes  correlated  with  adhesion  (Table 
42)  at  this  distance  from  the  interface  say  that  the  strength  of  the  propel 
lant  at  this  distance  is  probably  characteristic  of  the  propellant  which  failed 
in  the  adhesion  test.  Correlations  were  strong  with  the  peak  at  3007.6  cm‘l- 
which  is  a  region  of  the  IR  spectrum  that  is  free  of  the  influence  of  RDX . 
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TABLE  35 


CORREf-ATION  OF  In  REACTION  RATE  CONSTANT  AND  I /TEMPERATURE 


(TP  118288  Propellant)* 


At  Propellant /Liner 

Interface 

Wave  No. , 

W/77°F 

W/0  77°F 

cm'^ 

Data 

Data 

3069.7 

-0.8977 

-0.8762 

3007.9 

-9.9958 

-0.9991 

2749.1 

-0.7450 

-0.1928 

1652.4 

-0.5205 

0.5896 

1590.6 

-0.9259 

-0.9223 

1351.2 

-0.5965 

-0.8470 

1312.6 

-0.8979 

0.9943 

883.9 

-0.0325 

-0.9126 

853.  0 

-0.9794 

TABLE  3f 

CORRELATION  OF  IR  PEAK  HEIGHT 

AND  TIME. 

IR  OF  PROPELLANT  0.5  INCH  FROM 

INTERFACE 

(TP-H8288  Propellant) 

Wave  No. , 

Correlation  Coefficient  at  Age  Temperature 

cm"  1 

77°F  lOO^F 

130°F 

165°F 

3069.7 

0.8729 

0.9564 

2876.6 

-0.8830 

-  0.8960 

-0.9327 

2749.1 

0.8422 

0.9722 

0.9176 

1737.4 

-0.9808 

-0.9800 

0.8679 

1590.0 

0.9447 

1571.3 

0.8129 

1420.7 

0.9556 

1351.2 

-0.8931 

910.9 

883.9 

-0.9653 

-0.8765 

NOTE; 

Common  baseline  data  rejduction  used  for  the  following  groups  of  peaks: 

a)  3090  -  1740  cm  . 

b)  1660  -  1630  cm 'I 

c)  1280  -  1205  cm 
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TABLE  37 


CORRELATION  OF  In  IR  PEAK  HEIGHT  AND  TIME. 
IR  OF  PROPELLANT  0.5  IN.  FROM  INTERFACE 
(TP-H8288  Propellant) 


Wave  No.  , 

Correlation  Coefficient 

at  Age  Temperature 

cm*  1 

77°F  100°F 

130°F 

3069.7 

0.8593 

2876.6 

-0.8920 

-0.9001 

2749. 1 

0.8902 

0.9588 

1737.4 

-0.9767 

■0.9756 

1590.6 

1571.3 

1420.7 

1351.2 

910.9 

-0.9648 

883.9 

NOTE ; 

Common  baseline  data  rj^uction  used  for  the  following  groups  of  peaks 

a)  3090  -  2740  cm  ^ 

b)  1660  -  1630  cm" 

c)  1280  -  1205  cm 


165°F 

0.9505 

0.9374 

-0.8658 

-0.9518 

-0.8160 

0.9346 

-0.9037 

-0.8874 


TABLE  38 


CORRELATION  OF  In  REACTION  RATE  CONSTANT  AND  1/TEMPERATURE 

(TP-H8288  Propellant) 


0.5  in.  from  Interface 


Wave  No. , 

W/All 

W/0  77®F 

cm 

Teaips . 

Data 

3077.4 

0.6906 

-0.5798 

3069.7 

-0.8740 

-0.9411 

3007.9 

-0.5030 

-0.9489 

2876.6 

-0.9766 

-0.9974 

2749.1 

-0.9699 

-0.9622 

1737.4 

-0.9649 

-0.9993 

1652.4 

-0.7561 

-0.2326 

1590.6 

-0.9393 

-0.8769 

1571.3 

-0.7992 

-0.8216 

1532.7 

-0.5322 

-0.9917 

1420.7 

-0.6451 

-0.9274 

1351.2 

-0.7295 

-0.8708 

1312.6 

-0.8045 

-0.9832 

1266.2 

0.7640 

0.8765 

883.9 

853.0 

845.3 

-0.8543 

-0.8614 

-0.8496 

0.8292 

779.6 

-0.9926 

-0.9838 

752.6 

-0.5439 

-0.7033 

NOTE: 

Common  baseline  data  reduction 

a)  3090  -  2740  cm'^ 

b)  1660  -  1630  cm" 

c)  1280  -  1205  cm' 

used  for  the  following 

groups  of  peaks: 
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TABLE  39 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  PEEL. 
IR  OF  PROPELLANT  AT  BOND  INTERFACE 
(TP-H8288  Propellant) 


Wave  No. , 
cm'l 

77®F 

3069.7 

2922.9 

1737.4 

0.9963 

1640.8 

1420.7 

0.8803 

1235.3 

1219.9 

965.0 

910.9 

Correlation  Coefficient  at  Age  Temperature 
100®F  130°F 


0.8690 

-0.7904 

0.8174 


0.8619 

0.8227 

0.8438 


165°F 

-0.9368 


0.9770 


NOTE: 

Common  baseline  data  rj^uction  used  for  the  following  groups  of  peaks 

a)  3090  -  2740  cm  , 

b)  1660  -  1630  cm': 

c)  1280  1205  cm 


Wave  No. , 


TABLE  40 

CORRELATION  OF  [R  PEAK  HEIGHT  AND  ADHESION 
IR  OF  PROPELLANT  AT  BOND  INTERFACE 
(TP-H8288  Propellant) 


Correlation  Coefficient  at  Atre  Temperat 


3069.7 

-0.8800 

3007.9 

0.9103 

2876.6 

-0.8844 

1590.6 

0.9393 

1571.3 

0.9838 

1532.7 

0.8357 

0.8337 

1420.7 

0.8587 

1351.2 

0.8846 

1312.6 

0.8807 

0.9305 

1266.2 

0.9249 

1219.9 

0.8138 

965.0 

883.9 

0.9163 

853.0 

0.8699 

0.9728 

845.3 

0.9545 

779.6 

0.8780 

752.6 

0.8402 

NOTE: 

Common 

baseline  data  reduction 

used  for  the 

following  groups  of  peaks 

a) 

3090  - 

2740  cm  ^ 

b) 

1660  - 

1630  cm'^ 

c) 

1280  - 

1205  cm 

TABLE  41 


CORRELATION  OF  IR  PEAK  HEIGHT  AND  PEEL 
IR  OF  PROPELLANT  0.5  INCH  FROM  INTERFACE 
( TP -H 8288  Propellant) 


Wave  No. , 

cm"  1 


Correlation  Coefficient  at  Age  Temperature 
770F  100®F  130°F 


165°F 


1652.4 

1640.8 

1590.6 

1061.6 
725.6 


-0.8308 


0.8080 

0.8068 
! 0.9601 

-0.8982 


TABLE  42 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  ADHESION 
IR  OF  PROPELLANT  0.5  INCH  FROM  INTERFACE 
(TP-H8288  Propellant) 


Wave  No. , 

Correlation  Coefficient 

at  Age  Temperature 

cm-1 

lOO^F 

l3ir®F 

165°F 

3077.4 

0.8206 

3007.6 

0.9436 

0.9765 

2922.9 

0.9672 

0.8507 

1590.6 

0.9401 

1571.3 

0.9121 

1532.7 

0.9668 

0.9133 

1420.7 

-0.8651 

1351.2 

0.9129 

0.9188 

1312.6 

0.9173 

0.9131 

1266.2 

0.8463 

0.9904 

0.9067 

0.8350 

1235.3 

0.9195 

1219.9 

0.9109 

0.8934 

965.0 

0.8617 

910.9 

0.8910 

0.8829 

883.9 

0.8852 

853.0 

0.8955 

0.9237 

845.3 

0.9791 

779.6 

0.9222 

0.8266 

752.6 

0.9304 

0.9326 

NOTE : 

Common  baseline  data  reduction;  used  for  the  following  groups  of  peaks: 

a)  3090  -  2740  cm  . 

b)  1660  -  1630  cm'l 

c)  1280  •  1205  cm 
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Following  are  our  conclusions  concerning  the  TP-H8288  bond  system: 

1)  IR  peak  height  changes  correlate  well  with  adhesion,  but  not 
well  with  peel. 

2)  Propellant  remote  from  the  bond  interface  correlates  somewhat 
better  than  propellant  at  the  interface.  This  may  be  caused 
by  our  inability  co  obtain  propellant  from  precisely  the  same 
location  in  the  interface  region  for  ah  samples.  Composition 
of  propellant  binder  near  the  interface  is  highly  dependent 
upon  distance  from  the  interface  and  as  little  as  0.1  mm 
(0.004  inch)  may  make  a  significant  difference  in  the  structure 
of  the  binder. 

3)  Propellant  binder  remote  (13  mm;  0.5  inch)  from  the  interface 
is  of  a  more  uniform  composition  and  much  less  subject  to 
drastic  change  with  small  changes  in  distance. 

4)  In  the  case  of  TP-H8288  propellant,  adhesion  is  a  better 
ordered  measure  of  bond  strenp^h  than  is  peel. 

5)  Bond  strength  as  measured  by  peel  and  adhesion  seems  to  be 
subject  to  uncontrolled  variables  and  is  a  quality  which  does 
not  show  well-ordered  variation  with  age  time /temperature. 

6)  RDX  covers  up  a  great  many  of  the  binder  peaks  and  so 
reduces  the  number  of  opportunities  for  finding  correlations. 

Analysis  of  TP-Q7030  Data 

IR  Data  and  "'ime /Temperature 

Tel  fraction  of  TP-Q7030  propellant  was  analyzed  in  the  infrared  using 
the  tfc-'hriques  al)*eady  described.  A  typical  spectrum  of  this  propellant  is 
givc^  '.'igTire  .  A  review  of  the  spectra  in  this  seiies  revealed  to  us  that 
it  ■  -  uid  be  advantageous  to  use  the  common  baseline  data  reduction  technique 
to  im^.\  ve  the  measurement  of  peak  heights  in  certain  areas  of  the  spectrum. 
These  areas  are  shown  in  Figure  55.  Peaks  of  statistical  significance  for 
relating  peak  height  change  to  bond  property  changes  are  those  at  a  wave 
number  of  less  than  1800  cm‘l.  The  2500  to  3500  cm'l  region  contains  only 
the  peak  that  was  used  for  normalization  (2860  cm’^)  and  one  other  peak 
(2930  cm'l),  which  did  not  have  a  significant  relationship  to  changes  in  bond 
properties . 

Spectra  wer**  made  the  gel  fraction  propellant  taken  at  the  liner 
interface  and  O.j  incr  .:vm  the  interface. 

Correlations  were  made  of  the  infrared  spectra  and  time.  Several  peaks 
in  the  infrared  spectra  of  the  propellant  gel  fraction  correlated  quite  well 
with  time,  indicating  that  f^ese  peaks  were  changing  in  a  regular,  predictable 
fashion.  These  correlation  e  revealed  in  Table  43.  Taking  the  natural 
logarithm  of  the  peak  heif  and  correlating  that  with  changes  in  time  did  not 

significantly  alter  any  of  these  correlations.  These  latter  correlations  are  dis 
played  in  Table  44.  In  both  of  these  tables,  only  those  correlations  where  the 
coefficient  was  equal  to  or  greater  than  0.8  are  listed. 
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TABLE  43 


CORRELATION  OF  IR  PEAK  HEIGHT  AND  TIME 
IR  OF  PROPELLANT  0.5  INCH  FROM  INTERFACE 


( TP -Q 7030  Propellant) 


WAVE  NO., 

Correlation  Coefficient  at 

Ago  Temperature’ 

cm“l 

77"F  100®F 

130°F 

~1?5°F 

1563.0 

-0.8228 

1343.5 

0.8479 

-0.9942 

1235.3 

0.8442 

1146.5 

-0.9125 

841.4 

-0.8727 

TABLE  44 

CORRELATION  OF  In  IR  PEAK  HEIGHT  AND  TIME 
IR  OF  PROPELLANT  0.5  INCH  FROM  INTERFACE 


(TP-Q7030  Propellant) 


WAVE  NO., 

Correlation  Coefficient  at  Age  Temperature 

cm"  * 

77°F  100"F 

165'^’' 

1563.6 

-0.9096 

1343.5 

0.8447 

■0.9791 

1235.3 

0.8455 

1146.5 

-0.9261 

957.3 

0.8359 

841.4 

-0.8724 

NOTE: 

Common  baseline  data  reduction 
a)  3000-2600  cm^^ 


used  for  the  following  groups  of  peeks: 


Reaction  rate  constants  were  calculated  for  the  changes  in  peak  height 
with  changes  in  time  for  peaks  at  all  locations  and  computations  were  made  where 
the  77°F  data  v/ere  included  and  where  the  77°F  a'glng  data  had  been  eliminated. 
Correlation  of  the  reaction  rate  constant  with  the  reciprocal  of  temperature  is 
displayed  in  Table  45.  These  data  are,  in  fact,  the  Arrhenius-type  plot  of 
change  in  reaction  rate  constant  with  change  in  temperature,  where  tempera¬ 
ture  is  expressed  as  the  reciprocal  of  the  absolute  reaction  temperature  (°K). 

Identical  computer  runs  were  made  using  the  spectra  of  the  gel  fraction 
of  propellant  taken  at  the  interface.  Correlation  of  the  Infrared  peak  heights 
of  propellant  from  this  location  with  time  is  given  in  Table  46.  Again,  only 
those  correlation  coefficients  >0.8  are  listed.  As  can  be  seen  on  that  table, 
there  are  several  very  strong  correlations  for  changes  in  IR  peak  height  vath 
time.  Conversion  of  the  peak  height  data  to  the  natural  logarithm  does,  of 
course,  permit  the  calculation  of  the  reaction  rate  constants;  and  these  correla¬ 
tions  are  displayed  in  Table  47.  Note  that  there  are  no  changes  in  the  peaks 
that  correlate  with  time  and  only  slight  changes  in  the  magnitude  of  the  corrola 
tions.  With  the  reaction  rate  constants  having  been  calculated  using  the 
natural  log  of  peak  height  and  time,  we  then  ran  the  correlation  between  those 
reaction  rate  constants  and  the  reciprocal  of  absolute  reaction  temperature. 

These  correlations  are  displayed  in  Table  48.  There  are  sti'ong  correlations 
at  1563  cm‘1  where  the  77®F  data  have  been  eliminated.  Elimination  of  the 
77°F  data  is  a  reasonable  thing  to  do  because  the  reactions  occurring  at  that 
temperature  are  slow  and  time  has  been  insufficient  for  the  reaction  to  proceed 
far  enough  for  an  accurate  measurement. 

IR  Data  and  Bond  Properties 

Peel  and  adhesion  data  accumulated  during  the  aging  of  the  minimum 
smoke  propellant  bond  samples  were  correlated  with  the  infrared  spectra  of 
the  gel  fraction  of  prop  ellant  taken  at  the  bond  interface  and  from  propellant 
taken  approximately  0.5  inch  from  the  interface.  Correlation  coefficients  for 
changes  in  peak  hdght  with  changes  in  peel  strength  for  propellant  from  0.5 
inch  from  the  interface  are  given  in  Table  49.  Several  very  strong  correla¬ 
tions  were  found  which  indicate  that  peel  may  be  a  function  of  the  strength 
of  the  propellant  and  the  strength  of  the  propellant  can  be  measured  at  a 
distance  of  0.5  inch  from  the  interface.  Only  correlation  coefficients  of  a 
magnitude  of  0.8  or  higher  are  presented  in  that  table. 

Table  50  is  a  correlation  of  changes  in  infrared  peak  height  and 
changes  in  bond  adhesion  using  propellant  taken  0.5  inch  from  the  interface. 

Turning  now  to  correlations  of  infrared  peak  height  changes  for  propel¬ 
lant  taken  at  the  interface  and  changes  in  peel  and  adhesion,  we  find  that  on 
Table  51  there  are  some  very  strong  correlations  here  for  peel.  Table  52 
reveals  that  there  are  some  strong  correlations  for  changes  in  peak  height  of 
propellant  taken  from  the  interface  and  adhesion.  As  with  propellant  taken 
at  0.5  inch  from  the  interface,  we  find  the  propellant  at  the  interface  has 
greater  number  of  correlations  for  the  parameter  peel  than  for  the  parameter 
adhesion. 
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TABLE  45 

JORRELATION  OF  In  REACTION  RATE  CONSTANT 
AND  1 /TEMPERATURE 

( TP -Q 7030  Propellant) 


WAVE  NO.  , 
cm  ■  1 


1517.2 

1467.0 

957.3 

841.4 


0.5  In.  From  Propollunl/Litu.'r  Inlufl'acc 
WToTT^F  Data . .  W/77^  D(7lu' 


-0.4768 

■0.9495 

•0.9745 

0.1474  -0.57811 


ft''- 


TABLE  46 

CORRELATION  OF  IR  PEAK  HEICJllT  AND  TlMi;. 
IR  OF  PROPELLANT  AT  THE  INTERFACE 


k 

LV  ' 

WAVE  NO.  , 

Correlation  Coefficient  at 

Age  Temperature 

1 

cm'^ 

77°F 

100®F 

130'^F 

165®F 

Pg 

1563.6 

-0.8854 

-0.8832  1 

HI 

1517.2 

-0.8019 

-0.8832  i 

1277.8 

0.8732  1 

957.3 

-0.9566 

1 

»  *  ,* 

841.4 

-0.9158 

m 


NOTE: 

Common  baseline  data  reduction  used  for  the  following  groups  of  peaks: 

a)  3000-2600  cm'l 

b)  1570-  1410  cm’^ 

c)  1180-985  cm”  ^ 
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TABLE  47 


CORRELATION  OF  In  IR  PEAK  HEIGHT  AND  TIME. 
IR  OF  PROPELLANT  AT  INTERFACE 
(TP-Q7030  Propellant) 


WAVE  NO. , 
cm'  1 


Correlation  Coefficient  at  Age  Temperature 
ipfSf  130°F  ~T?5°F 


1563.6 

1517.2 

1277.8 

957.3 

841.4 


-0.9051  -0.8698 

-0.8020  -0.8876 

0.8898 

-0.9201 

-0.9244 


TABLE  48 

CORRELATION  OF  In  REACTION  RATE  CONSTANT 
ANn  1/TRMPERATURE 
(TP-Q7030  Propellant) 


WA\^E  NO..  At  Propellant /Liner  Interface 

cm-1 _  W/O  77°F  Data 


1563.6  -0.9211  -0.5384 

1416.8  -0.7177 

1235.3  -0.6196  -0.5817 


NOTE: 

Common  baseline  data  reduction  used  for  the  following  groups  of  peaks: 

a)  3000-2600  cm'l 

b)  1570-1410  cm-1 

c)  1180-985  cm-1 


145 


TABLE  49 


CORRELATION  OF  IR  PEAK  HEIGHT  AND  PEEL. 


IR  OF  PROPELLANT  AT  0.5  IN.  FROM  INTERFACE 

(TP-Q7030) 


WAVE  NO.  , 

Correlation  Coefficients  at  Age  Temperature 

cm'  1 

77°F 

100°F  130OF  165°F 

1517.2 

-0.8221 

1343.5 

-0.8711 

-0.9046  0.8935 

1235.3 

-0.9617 

1146.5 

0.8812 

U04.0 

0.9772 

1042.2 

0.8147 

957.3 

0.8130 

841.4 

-0.9475 

TABLE  50 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  ADHESION. 
IR  OF  PROPELLANT  0.5  IN.  FROM  INTERFACE 
(TP-Q7030) 


WAVE  NO.  . 

Correlation  Coefficient 

at  Age  Temperature 

cm '  1 

TT^F  100°F 

130°F 

]_65'“F 

1691.0 

0.8080 

0.8873 

1416.8 

-0.9438 

1104.0 

-0.8376 

1061.6 

0.9023 

841.4 

0.8728 

NOTE: 

Common  baseline  data  reduction  used  for  the  following  groups  of  peaks: 

a)  3000-2600  cm~\ 

b)  1570-1410  cm'l 

c)  1180-985  cm"l 
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TABLE  51 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  PEEL. 
IR  OF  PROPELLANT  AT  INTERFACE 
(TP-Q7030) 


WAVE  NO. 


1563.6 

1517.2 

1277.8 

1235.3 

0.9524 

1104.0 

0.8671 

-0.8143 

1061.6 

0.9247 

-0.8638 

1042.2 

0,9289 

957.3 

-0.9111 

841.4 

-0.9210 

Correlation  Coefficient  at  Aee  Temperature 


F 


0.8120 


0.8252 

-0.9442 

-0.8874 

-0.8237 

-0.8329 


TABLE  52 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  ADHESION 
IR  OF  PROPELLANT  AT  INTERFACE 
(TP-Q7030) 


WAVE  NO., 

(•ni  ■  1 


1691.0 

1416.8 

1146.5 

1104.0 

841.4 


Correlation  CoelTiciunt  at  Age  Temperature 
77°F  100°F  130°F  T^F 


0.9128 


0.8375 

0.8704 


-0.8507 

-0.8354 

0.8396 


0.8398 

0.8946 


NOTE: 

Common  baseline  data  reduction  used  for  the  following  groups  of  peaks; 

a)  3000-2600  cm'l 

b)  1570-1410  cm'l 

c)  1180-985  cm-1 


Prediction  of  Bond  Strength 


Following  is  an  illustration  of  how  the  computer  programs  written  for 
this  project  can  be  used  in  a  very  practical  manner.  Correlations  with  pro¬ 
pellant  at  the  interface  and  peel  strength  were  calculated  for  a  peak  at 
1235  cm"l.  All  IR  data  and  all  peel  strengths  were  used,  regardless  of  the 
time  and  temperature  of  aging,  so  that  the  result  of  this  correlation  is  an 
equation  which  relates  peel  strength  to  peak  height  and  says,  if  one  knows 
the  height  of  the  peak  at  1235  cm'^,  then  one  knows  the  peel  strength  for 
that  bond  system.  The  equation  resulting  from  this  correlation  is: 

Peel  Strength  =  55.10  -  1.736  x  (Peak  Height  @  1235  cm'^)  (1) 

Correlation  coefficient  for  this  Is  -0.5618.  This  represents  21  observations, 
so  that  is  an  acceptable  correlation  coefficient.  Continuing  with  the 
correlation,  we  correlated  that  peak  height  with  time  and  came  up  with  an 
equation  representing  the  change  in  the  height  of  the  peak  with  time  and  so, 
if  one  knows  time,  then  one  may  calculate  what  the  height  of  the  peak  at 
1235  cm"l  can  be  expected  to  be.  The  equation  is: 

(Peak  Height  @  1235  cm  =  17.47  x  0.04887  (Age  Time  in  Weeks)  (2) 

Substituting  equation  (2)  into  equation  (1)  yields  an  equation  for  predicting 
peel  strength  based  upon  time,  where  the  constant  and  coefficient  for  the 
equation  are  derived  from  infrared  data  such  that 

Peel  Strength  =  53.62  -  0.08482  (Age  Time  in  Weeks)  (3) 

A  second,  stronger  correlation  was  found  by  using  a  combination  of 
the  peaks  at  1235  cm'i  and  1563  cm'^.  Using  the  heights  of  the  peaks  at  these 
two  locations  and  the  equation  ( 4) ,  given  below ,  one  can  compute  the  peel 
strength  of  the  propellant /liner  bond. 

Peel  Strength  =  42.82  +  3.863  t,?k.  Hght.  @  1563)  -  1.439  (Pk.  Hght.  @  12*^5)  (4) 

Here,  the  correlation  coefficient  is  0.6569,  which  is  significant  at  the  99%  level. 
These  data  are  plotted  in  Figure  56.  With  this  equation,  the  standard  error 
of  estimating  peel  strength  is  7.4  pli. 

An  Arrhenius  equation  for  prediction  of  nroperties  was  made.  Making 
this  prediction  of  properties  requires  the  following'; 

a)  Peak  height  versus  property  (where  the  data  are  independent 
of  age  time  and  temperature) . 

b)  In  peak  height  versus  time  [at  several  aging  temperatures,  and 
the  peak  must  be  the  same  as  in  (a)]. 

c)  From  (b) ,  calculate  the  reaction  rate  constants  (Kp  at  each 
of  the  aging  temperatures. 

d)  From  (c) ,  calculate  the  energy  of  activation  for  that  reaction. 
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Predicted 


0 


r  =  0.6569 

99%  Confidence 

Std.  Error  of  Estimate 
7.4  pli 


Actual  Peel,  pli 


Figure  56  .  Peel  Strength  as  Identified  from  Peaks  at  1563  and  1235  cm 
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e)  From  reaction  rate  constants,  activation  energy,  compute  a 
reaction  rate  constant  for  a  selected  aging  temperature  at 
which  the  prediction  is  desired.  (This  is  the  Arrhenius 
equation . ) 

f)  Using  the  reaction  rate  constant  (Ki) ,  calculated  in  (e)  and  the 
coefficients  in  the  K^/log  peak  height  relationship,  then  calcu¬ 
late  the  peak  height  at  the  selected  aging  time. 

g)  Using  the  peak  height  data  from  (f)  and  coefficients  from  the 
equation  in  (a) ,  then  calculate  the  value  of  the  property 

at  the  selected  age  temperature  and  at  some  discrete  time 
in  the  future.  The  computer  program  also  will  compute  the 
property  value  at  discrete  time  intervals  up  to  a  maximum  of 
the  selected  time,  whatever  that  time  might  be. 

In  making  this  prediction,  as  displayed  in  Table  53,  information  given  to 
the  computer  included  the  starting  time  for  the  aging  and  the  starting  peak 
heights  of  the  one  or  more  peaks  in  question;  in  this  case,  the  heights  of  the 
peaks  at  1563  cm~l  and  1235  cm~^.  Peak  heights  at  16  weeks  of  aging  at  100°F 
were  given  and  the  computer  program  then  proceeded  to  compute  the  peel 
strength  of  the  propellant /Uner  bond  at  that  particular  time.  The  computer 
calculated  that  peel  strength  would  be  25.24  pU.  It  was  actually  26,9  pli  at 
that  time.  Aging  at  100°F  proceeded  through  the  full  32-week  time  period, 
which  is  16  weeks  from  the  start  given  in  Table  53.  At  16  weeks  of  aging, 
the  computer  calculated  the  peel  would  be  25.38;  the  actual  peel  strength  at 
32  weeks  for  100®F  aging  was  32.6  pH.  This  is  a  reasonably  good  prediction 
of  peel.  Using  the  multiple  correlation  equation  given  as  equation  (4),  the 
peel  strength  calculated  from  that  for  this  32-week  aging  at  100°F  would  be 
21.5  pH.  The  prediction  of  peel  strength  from  the  Arrhenius  equation  is 
considerably  more  accurate  than  prediction  of  peel  strength  based  solely  upon 
IR  data  and  its  relationship  with  changes  in  mechanical  properties.  IR  data, 
of  course,  used  in  the  computation  of  reaction  rate  constant  and  reaction  rate 
constants  are,  in  turn,  used  in  the  computation  of  activation  energy  for  the 
Arrhenius  equation.  But,  by  having  activation  energy  calculated  from  more 
than  one  reaction  rate  constant,  some  of  the  variation  in  the  IR  data  are 
eliminated,  resulting  in  a  more  accurate  prediction  of  peel  strength.  Overall, 
it  can  be  said  that  the  prediction  is  accurate,  the  computer  program  works, 
and  the  FTIS  technique  is  appHcable  to  the  measurement  of  bond  strength  and 
to  the  prediction  of  bond  strength. 

Analysis  of  MSL-303  Propellant  Data 

Mechanical  Properties  and  Time/Temperature 

MSL-303  propellant  was  being  aged  in  a  separate  project  and  that  aging 
atd  proceeded  through  18  mpnths  when  the  infrared  data  accumulated  during 
that  aging  were  subjected  to  the  analysis  procedures  and  programs  developed 
on  the  FTIS  project  and  the  BondHne  Infrared  Spectroscopy  project.  Aging 
temperatures  for  the  MSL-303  propeUant  were  75®,  110°,  130°,  150°,  170°, 
and  190°F.  Mechanical  property  data  for  the  aging  are  displayed  in  Table  54. 

*U.  S.  Army  Missile  Command,  Contract  DAAH01-82-C-A198. 
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TABLE  53 


PREDICTED  PEEL  STRENGTH  FOR  100°F  AGING 
(TP-Q7030  Propellant) 


TIME, 

Weeks 

PROPERTY 

IR  PEAK 

IR  PEAK 

0.00 

25.24 

2.125 

17.92 

2.74 

25.22 

2.004 

17.61 

5.47 

25.22 

1.890 

17.31 

8.21 

25.23 

1.782 

17.01 

10.95 

25.27 

1.681 

16.71 

13.68 

25.31 

1.585 

16.42 

16.42 

25.38 

1.495 

16.14 

19.16 

25.45 

1.410 

15.86 

21.89 

25.53 

1.329 

15.58 

24.63 

25.63 

1.254 

15.31 

27.37 

25.74 

1.182 

15.05 

30.11 

25.85 

1.115 

14.78 

32.84 

25.98 

1.052 

14.53 

35.58 

26.11 

.9917 

14.28 

38.32 

26.24 

.9352 

14.03 

41.05 

26.39 

.8820 

13.79 

43.79 

26.54 

.8318 

13.55 

46.53 

26.69 

.7844 

13.31 

49.26 

26.85 

.7398 

13.08 

52.00 

27.02 

.6976 

12.85 
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Plots  of  propellant  modulus,  strain  at  maximum  stress,  and  maximum  stress 
are  shown  in  Figfures  57,  58,  and  59.  These  plots  reveal  that  there  is  con¬ 
siderable  scatter  in  the  modulus  data  and  in  the  stress  data.  The  scatter 
is  not  as  severe  in  the  strain  at  max.  stress  data,  but,  nevertheless,  only 
at  elevated  temperature  does  the  strain  at  max.  stress  follow  a  trend  that  would 
permit  a  logical  prediction  of  mechanical  properties  of  the  propellant  based  upon 
past  aging  experience. 

IR  Data  and  Time 


Infrared  spectra  of  the  propellant  were  taken  at  each  time /temperature 
test  interval  and  the  IR  data  stored  on  magnetic  tape.  Procedures  used  in 
accumulating  the  IR  data  were  those  that  had  been  identified  at  the  end  of  the 
FTIS  project  which  are  not  exactly  the  same  as  used  in  the  Bondline  Infrared 
Spectroscopy  project.  However,  the  IR  data  are  very  good  and  do  lend  them¬ 
selves  to  a  good  statistical  analysis. 

An  infrared  spectrum  of  iVlSL-303  propellant  aged  at  0  time  is  presented 
in  Figure  60.  This  spectrum  is  typical  of  the  spectra  of  HTPB  family  of  pro¬ 
pellants  wherein  ammonium  perchlorate  is  used  as  the  oxidizer.  The  strong 
ammonium  perchlorate  peaks  occur  near  3300,  1400,  and  1000  wave  numbers. 
These  peaks  are  identified  on  Figure  60.  Binder  peaks  in  the  HTPB  propellant 
are  those  that  remain  and  are  unmarked  on  the  figure.  It  was  these  binder 
peaks  that  were  subjected  to  the  rigorous  infrared  statistical  analysis.  Correia 
tion  of  all  IR  peak  heights  with  time  and  age  temperature  (see  Table  55)  reveal¬ 
ed  that  there  were  a  large  number  of  peaks  that  were  responding  in  an  orderly 
fashion  to  changes  in  age  at  the  various  age  temperatures.  Some  of  these 
correlations  indicate  peak  growth,  some  indicate  peak  decrease;  they  are  shown 
by  positive  end  negative  correlations,  respectively. 

Taking  the  natural  log  of  peak  height  and  correlating  it  with  time  result 
ed  in  only  minor  changes  in  the  correlation  coefficients  and  those  are  displayed 
in  Table  56.  In  this  table,  and  in  Table  55,  only  those  correlation  coefficients 
higher  than  0.8  are  listed. 

The  natur^log  of  peak  bright  at  911.5  cm  ^  and  its  variation  with  time 
and  temperature  are  tabulated  in  Table  57.  Reaction  rate  constants  (for  a  first 
order  reaction)  were  calculated  for  the  reaction  occurring  at  each  age  tempera¬ 
ture  that  would  have  caused  the  change  in  the  peak  height  at  911  cm~l.  This 
reaction  rate  constant  is  the  slope  of  the  Une  of  a  plot  of  natural  log  IR  peak 
height  versus  time.  These  plots  are  shown  in  Figures  61  through  63  for  the 
various  aging  temperatures. 

Activation  energy  for  this  reaction  can  be  calculated  using  the  Arrhenius 
equation  and  the  computer  program  previously  described.  Activation  energy, 
when  one  includes  all  of  the  arfng  data,  is  -177.5  (given  jit  the  bottom  of 
Table  57.  However,  since  the  190°F  aging  data  appear  hot  to  follow  the  same 
route  as  aging  at  the  other  five  temperatures,  these  190°F  aging  data  were  taken 
out  of  the  correlation,  and  the  activation  energy  then  became  1059.  If  the  75°F 
aging  data  are  also  eliminated  from  consideration,  then  the  activation  energy  is 
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Figure  57.  Variation  in  Modulus  with  Age  Time  (MSL-303) 
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Figure  58.  Variation  in  Strain  at  Max.  Stress  with  Age  Time  (MSL-303). 
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Figure  59.  Variation  in  Max.  Stress  with  Age  Temperature  (MSL-303) 


TABLE  55 


CORRELATION  OF  IR  PEAK  HEIGHT  AND  TIME 
(MSL-303  Propellant) 


Wave  No. , 

Correlation 

Coefficient 

at  Age  ' 

lemperature 

cm'  ^ 

7W 

il6*P 

T3W 

ISO^F 

iTFf 

3084.1 

.3014.5 

2921.8 

-0.9519 

0.9350 

-0.9170 

-0.9153 

0.9335 

-0.8858 

-0.9463 

0.8785 

-0.8015 

-0.8241 

-0.8324 

2736.2 

1731.1 

-0.9643 

-0.8437 

-0.9021 

0.8286 

-0.9179 

0.8697 

-0.9538 

1305.8 

1228.5 

-0.9133 

0.9329 

-0.8094 

0.9404 

0.9036 

-0.8605 

965.6 

-0.8194 

-0.9176 

-0.8172 

-0.9450 

-0.8551 

911.5 

-0.8609 

-0.9393 

-0.9016 

-0.9289 

-0.9117 

772.3 

-0.8361 

-0.3350 

-0.8203 

-0.8879 

718.2 

-0.8667 

TABLE  56 

CORRELATION  OF  In  IR  PEAK  HEIGHT  AND  TIME 
(MSL-303  Propellant) 


Wave  No. , 

Correlation 

Coefficient 

at  Age  Temperature 

cm'l 

75®F 

110°F 

130OF 

150®F 

ITO^F 

3084.1 

-0.9556 

-0.9191 

-0.9501 

3014.5 

0.9347 

0.9307 

0.8892 

2921.8 

-0.9155 

-0.8799 

-0.8136 

-0.8226 

1731.1 

-0.9638 

-0.8388 

-0.8997 

-0.9196 

-0.9552 

1305.8 

0.9188 

0.9367 

1228.5 

-0.9309 

-0.8114 

-0.9006 

-0.8458 

965. 6 

-0.8292 

-0.9411 

-0.8284 

-0.9474 

-0.8782 

911.5 

-0.8384 

-0.9276 

-0.9074 

-0.9236 

-0.9250 

772.3 

-0.8681 

-0.8330 

-0.8263 

-0.8951 

lOO^^F 

-0.9684 

0.8732 

-0.8917 

-0.9044 

0.9232 

-0.8821 

-0.8103 


190°F 

-0.9710 

0.8773 

-0.8859 

-0.9116 

0.9125 

-0.9036 

-0.8016 
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TABLE  57 


In  HEIGHT  OF  IB  PEAK  AT  911.5  cm"^  AND  ITS  VARIATION 


WITH  TIME  AND  TEMPERATURE 
(MSL-303  Propellant) 


Aging  Temperature, 


Time,  Mo. 

110 

136 

150 

170 

116 

0 

27.219 

.5 

26.629 

28.275 

28.209 

30.018 

27.064 

29.357 

1 

28.457 

27.483 

28.579 

29.786 

26.669 

22.176 

2 

26.165 

27.811 

27.011 

30.219 

28.568 

26.912 

3 

28.729 

29.598 

28.546 

28.083 

29.154 

29.759 

6 

28.201 

25.443 

29.749 

29.200 

28.449 

24.757 

12 

9.871 

11.783 

10.932 

11.139 

10.430 

12.023 

18 

13.689 

11.851 

11.338 

11.665 

9.636 

16.002 

Correl.  Coefficient 

'0.8384 

-0.9376 

-0.9074 

-0.9236 

-0.9250 

-0.8016 

Reaction  Rate 

Constant, 

0.05320 

0.05950 

0.06311 

0.06507 

0.07052 

0.04144 

Activation  Energy, 

All  Data 

-177.5 

W/0  190®F  1059 


W/0  190OF  &  75«F  1066 


TABLE  58 

CORRELATION  OF  In  REACTION  RATE  CONSTANT  (K 

AND  1/TEMPERATURE 
(MSL-303  Propellant) 


Correlation  Coefficient 


Wave  No. , 
cm'^ 

All  Data 

W/O  190®F 
Data 

W/O  190°F 
&  75°F  Data 

Activation  Energy 
W/O  190«F  Data 

3084.1 

0.2537 

0.8143 

0.4199 

-3952.9 

3014.5 

0.6830 

0.9621 

0.9953 

-2289.7 

2921.8 

0.6110 

0.6873 

0.4193 

-615.45 

1731.1 

-0.4279 

-0.9359 

-0.7975 

1941.4 

1228.5 

-0.1274 

0.8115 

0.3159 

-1010.6 

965.6 

0.2218 

-0.8610 

-0.8156 

1121.6 

911.5 

0.1018 

-0.9945 

-0.9834 

1058.5 

772.3 

-0.7142 

0.7796 

6742.3 
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Figure  63.  Variation  in  911  cm'^  Peak  Height  with  Age  Time  at  170°  and  190°F 
(MSL-303  Propellant) 
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1066... not  much  of  a  chanfj^e.  An  activation  energy  plot  of  natural  log  reaction 
rate  constant  versus  the  reciprocal  of  absolute  temperature  (Figure  64)  reveals 
why  the  190°F  data  were  eliminated  from  computation  of  activation  energy.  That 
190°F  data  point  is  far  from  the  line  describing  the  other  five  reaction  tempera¬ 
tures.  Correlation  coefficient  for  the  correlation  of  reaction  rate  constant  with 
the  reciprocal  of  reaction  tesnperature  where  all  data  are  included  is  0.1018; 
where  the  190®F  data  are  eliminated,  then  the  correlation  coefficient  becomes 
-0.9945. 


Correlation  coefficients  were  calculated  for  the  natural  log  reaction  rate 
constant  (Kj)  and  the  reciprocal  of  the  absolute  reaction  temperature.  These 
data  are  displayed  in  Table  58.  They  show  also  that,  where  the  190°F  aging 
data  is  eliminated,  the  correlations  are  all  considerably  enhanced. 

Activation  energy  plots  were  prepared  for  others  of  the  wave  numbers 
shown  in  Table  58.  Specifically,  activation  energy  plots  were  made  for  3014, 
1638,  1506,  and  965  cm"^.  These  plots  ore  shown  in  Appendix  F. 

lit  Data  and  Mechanical  Properties 

Correlating  IR  peak  height  changes  with  propellant  mechanical  property 
changes  did  not  reveal  any  strong  correlations.  This  was  totally  expected 
when  we  realized  that  the  IR  peaks  were  correlating  quite  well  with  time,  but 
that  the  mechanical  properties  of  the  propellant  did  not  correlate  with  time  or 
temperature  in  any  way  whatsoever.  Under  these  conditions,  IR  peak  height 
changes  could  not  correlate  strongly  with  propellant  properties.  Those  correla¬ 
tions  which  were  found  are  displayed  in  Table  59.  Only  those  correlations 
where  the  coefficient  was  >0.8  are  listed. 

With  this  total  lack  of  correlation,  it  became  of  interest  to  see  if  the 
mechanical  property  data  were  smoothed  such  that  they  displayed  a  uniform 
response  to  time  at  a  given  temperature,  would  they  then  correlate  well  with  IR 
changes.  To  that  end,  plots  were  made  of  strain  at  Max.  stress  and  max. 
stress  versus  linear  and  log  time.  These  data  plots  are  given  in  Appendix  E. 

These  smoothed  mechanical  property  data  were  then  correlated  with 
changes  in  IR  peak  height  and  the  results  of  that  correlation  for  propellant 
.stress  are  displayed  in  Table  60  and  for  correlations  with  strain  at  mux.  stress 
in  Table  61.  A  review  of  those  data  reveals  some  very  strong  correlations 
between  peak  height  changes  and  mechanical  property  mixes  which  confirms  the 
fact  that,  where  mechanical  property  data  are  following  a  logical  progression  with 
time,  the  mechanical  property  changes  can  be  identified  by  changes  in  the 
infrared  spectra  of  the  propellant.  A  typical  plot  of  change  in  peak  height  is 
represented  in  Figure  65,  where  there  is  a  plot  of  maximum  stress  versus 
relative  peak  height  at  911  cm~i.  This  plot  is  for  two  temperatures,  130°  and 
150°F.  Correlation  coefficients  at  both  temperatures  are  exceedingly  strong. 
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In  K 


r  =  0.1018  All  Data 

r  =  -0.9945  w/o  190®  Data 

r  =  -0.9834  w/o  190®  &  75®  Data 


Figure  64.  Activation  Energy  Plot  for  the  Peak  at  911  cm 


TABLE  59 

CORRELATION  OF  IR  PEAK  HEIGHT  AND  PROPELLANT  MODULUS, 


MAX.  STRESS,  AND  STRAIN  AT  MAX.  STRESS 
(MSL-303) 


Wave  No. . 


Correlation  Coefficient  at  Acre  Temperature 


F  130®F  150OF 


MAX.  STRESS 

2736.2 

-0.7934 

1731.1 

0.8632 

STRAIN  AT  MAX.  STRESS 

2921.8 

0.8035 

2736.2 

-0.8820 

1731.1 

0.8989 

1228.5 

0.7959 

911.5 

0.8114 

772.3 

0.8941 

MODULUS 

3084.1 

-0.9125 

3014.5 

0.8482 

2921.8 

-0.9166 

1731.1 

0.9503 

0.7953 

1228.5 

-0.9281 

965.6 

0.8787 

911.5 

-0.9149 

772.3 

-0.8178 

718.2 

-0.8452 

CORRELATION  OF  IR  PEAK  HEIGHT  AND 


Wave  No. , 
cm~l 

3084.1 

1731.1 
1228.5 

965.6 

911.5 

772.3 

718.2 


3084.1 
3014.5 

2921.8 

2736.2 
1731.1 

1305. 8 
L228.5 

965.6 

934.7 


STRAIN  AT  MAX.  STRESS 
(iVlSL-303) 


Correlation  Coefficient 
iSO*^  170*^  TgQo 

0.8544 

0.9570  0.9291  0.9063 

0.8287 

0.8114 

0.8071 

0.8007  0.8451 

0.8878 


Correlations  based  on 
strain  data  taken  from 
a  plot  of  strain  versus 
log  time. 


0.9682 

-0.8725 


0.8221 

-0.8279 

-0.8787 

0.8911 

1 

0.9247 

0.9313 

0.9033 

-0.9234 

\  Correlations  based  on 

0.8994 

0.8209 

0.8811 

f  strain  data  taken  from 

0.9406 

0.8296 

1 

a  plot  of  strain  versus 

0.9192 

0.8811 

0.8394 

time. 

CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 


l'’onowin(f  nro  the  fioneral  conclusions  from  the  work  of  this  projocl . 

1)  Sample  preparation  procedures  for  IR  spectra  were  established. 

2)  IR  data  acquisition  procedures  werr  established  for  use  on  an 
FTS-10  IR  spectrophotometer. 

3)  IR  of  whole  HTPB  liner  and  insulation  were  determined  not  to  be 
quantitatively  useful.  IR  of  sol  fractions  were  determined  to  be 
quantitatively  excellent . 

4)  No  useful  information  was  derived  from  IR  of  whole  minimum 
smoke  propellant. 

5)  IR  of  gel  fraction  of  minimum  smoke  propellant  was  determined 
to  be  quantitatively  useful. 

6)  Quality  of  the  correlations  between  IR  peak  height  changes  with 
bond  property  changes  is  as  dependent  upon  accurate  measurement 
of  bond  properties  as  upon  accurate  measurement  of  IR  properties. 

7)  IR  measurements  are  more  accurately  made  than  bond  property 
measurements . 

8)  IR  peaks  having  the  strongest  correlations  with  bond  properties 
must  be  determined  for  each  bond  system  studied. 

9)  Computer  programs  written  for  the  project  are  invaluable  aids  in 
data  reduction,  data  coi'relations  and  prediction  of  bond  properties. 

RECOMMENDATIONS 


1)  Using  the  technology  developed  in  this  project  and  in  the  FTIS 
project,  develop  the  procedures  for  on-site  inspection  of  rocket 
motors . 

2)  Using  IR  procedures  developed  in  this  project,  identify  the 
chemical  mechanism  of  aging  of  minimum  smoke  propellant. 

3)  Using  IR  procedures  developed  in  this  project,  identify 
the  chemical  mechanism  of  aging  of  HTPB  type  propellants. 

4)  Apply  the  developed  technology  and  computer  programs  to  the 
aging  and  service  life  prediction  of  propellants  and  bond  systems 
to  be  employed  in  production  rocket  motors. 


APPENDIX  A 


CORRELATION  OF  SPECTRAL  CHANGES  WITH  SAMPLE  LOCATION 


At  the  beginning  of  Phase  I,  Task  1  samples  were  made  of  HTPB  and 
minimum  smoke  propellant  bond  systems  and  these  samples  were  aged  at 
77®  and  170®F.  The  purpose  of  these  samples  was  to  determine  whether 
changes  in  the  propellant  near  the  bond  line  could  be  observed  in  the  infrared 
spectru.  After  3  months  of  aging  at  the  two  temperatures,  the  HTPB  samples 
were  tested  and  those  data  were  reduced  and  analyzed.  Changes  in  the  spectra 
of  the  HTPB  propellant  at  selected  locations  in  the  spectrum  and  at  varying 
distances  from  the  liner /propellant  interface  were  examined  and  the  data  am 
plotted  on  Figures  A-1  through  A- 8.  Data  plotted  in  these  figures  resulted 
from  the  testing  of  samples  that  did  not  have  the  mold  release  agent  between 
the  liner  rmd  the  propellant.  Spectra  were  also  made  of  the  propellant  from 
those  samples  which  did  contain  the  mold  release  and  it  was  found  that  the 
mold  release  had  no  influence  upon  the  spectral  changes  that  were  observed. 

Figure  A- 1  is  a  ^Iqt  of  the  change  in  the  peak  height  at  3009  cm  ^ 
versus  distance  from  the  liner,  and  shows  that  the  magnitude  of  this  peak 
decreases  drastically  the  closer  the  sample  is  to  the  propellant /liner  inter¬ 
face.  This  peak  is  indicative  of  the  amount  of  unsaturation  in  the  binder. 
Figure  A- 2  is  a  plot  of  the  peak  at  1737  cm  and  shows  that  this  peak  also 
decreases  as  the  liner /propellant  interface  is  approached.  This  absorbance 
is  indicative  of  the  amount  of  plasticizer  in  the  propellant.  Figure  A- 3,  a 
plot  of  the  absorbance  at  1640  cm  shows  the  some  phenomenon  as  the  other 
two.  This  peak  is  also  indicative  of  the  amount  of  unsaturation  in  the  pro¬ 
pellant.  Both  Figure  A-1  and  Figure  A- 3  show  that  there  is  a  decrease  in 
the  total  unsaturation  as  the  propellant /liner  interface  is  approached.  Figuj’e 
A-4  is  a  plot  of  the  absorbance  at  1243  cm  .  Dita  there  are  quite  scattered 
close  to  the  propellant /liner  interface  and,  overall,  show  no  change  with 
respect  to  distance  from  the  propellant /liner  interface. 

Figures  A-5  through  A-8  are  plots  of  amplitude  at  the  same  wave 
numbers  versus  distance  from  the  propellant /liner  interface,  where  the 
propellant  has  been  aged  3  months  at  170®F.  Generally,  they  show  the  same 
effects  as  the  3  months'  77‘^F  storage  condition  only  the  effects  are  more  severe. 
Again,  on  Figure  A-8,  the  peak  at  1243  cm‘l  has  not  shown  an  overall  change 
with  distance  from  the  liner.  However,  in  general,  the  magnitude  of  that 
peak  is  less  than  the  magnitude  of  that  peak  where  the  aging  took  place  at 
77®F  temperature. 
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Conclusions  that  can  be  drawn  from  these  data  are  listed  below. 

1)  The  average  inirared  absorptions  at  1243  cm  ^  away  from  the 
propellant /liner  interface  were  lower  in  the  samples  aged  at 
170°F  than  those  at  ambient  storage.  The  structural  source 
of  this  peak  has  not  yet  been  identified,  but  the  data  indicate 
its  concentration  is  deceasing  at  high -temperature  aging. 

2)  The  trans  and  els  unsaturation  peaks  at  965  and  911  cm'^ 
show  no  meaningful  trends  in  infrared  intensities  between 
ambient  and  170°F  aging  after  3  months.  Their  location  on 
the  side  of  an  ammonium  perchlorate  peak  hinders  their 
quantitative  measure. 

3)  The  presence  of  a  mold  release  at  the  propellant /liner  interface 
in  one  set  of  samples  shows  no  effect  on  propellant  spectra 
when  compared  to  the  samples  without  mold  release. 

4)  The  unsaturation  (-CH)  peak  at  3008  cm  ^  exhibited  an  average 
decrease  in  value  in  the  samples  aged  at  170°F  compared  to  ambient 
storage  in  both  samples  with  and  without  mold  release. 

5)  The  DOA  peak  at  1737  cm  ^  showed  a  gradient  in  all  samples  due 
to  DOA  migration  from  the  propellant  into  the  liner.  The  extent 
of  migration  is  greater  in  the  samples  aged  at  170‘^F. 

6)  The  average  value  of  the  unsaturation  peak  at  1640  cm'^  is 
slightly  higher  in  the  samples  aged  at  170°F  compared  to  ambient 
storage.  One  would  have  expected  a  decrease  in  this  peak  at  the 
higher  temperature  as  further  crosslinking  occurs.  The  observed 
increase  may  be  the  result  of  jon  aging  product  which  absorbs  in 
the  infrared  near  the  1640  cm  ^  unsaturation  peak. 

7)  The  propellant  near  the  propellant /liner  interface  was  hard  and 
brittle  in  all  samples  but  more  so  at  170°F.  Because  the  Hamples 
were  hard,  poor  contact  was  made  with  the  IRE  surface  and  the 
amplitudes  of  their  spectra  were  quite  low  compared  to  samples  further 
into  the  propellant.  Therefore,  it  is  quite  difficult  to  make  a 
quantitative  judgement  on  the  changes  occurring  in  the  propellant 

at  this  location. 
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Figure  A- 3.  Absorbance  at  1640  cm  As  A  Function  of  Distance  Into  the 

Propellant  From  the  Liner  Interface.  Sample  Aged  3  Months  @  77°F, 
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HTPB  PROPELLANT  BONDLINE  INFRARED  TESTING  PROO^EnuRii 


Composite  adhesion  (two-inch)  bond  samples  were  taken  from  the  uffing 
environments  at  the  time  intervals  specified  in  the  program  plan  for  infrared 
analysis.  The  two-inch  square  of  propellant,  along  with  the  liner  and  insulation 
is  removed  from  the  composite  assembly  with  an  X-acto  knife.  The  removed 
square  of  propellant,  liner,  and  insulation  is  cut  into  five  equal  sections 
porponclicular  to  the  pluno  of  the  liner.  Each  of  these  seutions  is  upproxinutlely 
one  by  five  centimeters.  A  razor  blade  is  pushed  down  the  plane  of  the  liner, 
separating  the  insulation  and  part  of  the  liner  from  the  propellant.  Each 
propellant  section  is  placed  in  a  microtome  cutting  apparatus  and  the  blade 
adjusted  to  carefully  remove  the  residual  liner  from  the  propellant  surface. 

A  10-mil  slice  of  propellant  is  cut  at  the  propellant-liner  interface  and  also  at 
0.5  inch  from  the  interface.  The  propellant  slices  from  each  location  are 
divided  with  a  razor  blade  into  a  pair,  0.5  by  5  centimeters.  Each  pair  is  mounted 
against  a  zinc  selenide  prism  (50  x  5  2  mm,  6  =  45°)  with  the  side  closest  to 
the  interface  against  the  prism  and  placed  in  a  Harrick  variable  angle  ATR  set  at 
an  angle  of  60®.  The  ATR  unit  is  mounted  in  a  Digilab  FTS-10  spectrophotometer. 
After  the  sample  is  placed  in  the  ATR  unit,  15  minutes  is  allowed  for  propellant 
cold  flow,  then  1000  scans  are  collected,  computed  and  compared  to  a  i‘cr(>rcncc 
spectrum  to  produce  an  absorbance  spectrum  for  each  of  five  p’.irs  from  the 
interface  and  five  pairs  at  0.5  inch  from  the  interface.  Coliection  of  1000 
scans  requires  20  minutes  using  the  following  parameters; 
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After  each  sample  is  run,  the  zinc  selenide  prism  is  held  with  tweezers 
and  washed  with  methylene  chloride,  ethanol,  and  again  with  methylene  chloride 
from  u  squeeze  bottle.  Still  holding  the  prism  with  tweezers,  it  is  dried  with 
a  hot  air  drier  and  remounted,  holding  the  prism  with  lens  paper. 

The  absorbance  spectrum  of  each  sample  (five  at  intt'rface,  five  at  0.5 
inch)  are  recorded  on  magnetic  tape.  The  five  sjmetra  al  (jach  locution  ars; 
later  averaged  using  the  arithmetical  capabilities  of  the  FT.S  lO's  computer. 

The  averaged  spectra  are  transferred  from  magnetic  tape  to  the  IBM 
computer  (or  equivalent)  which  normalizes  and  tabulates  the  spectral  peaks  lor 
quantitative  comparison  using  the  "E490"  program. 

Bond  data  were  obtained  on  aged  samples  taken  at  the  same  time  intervals 
as  the  spectra  samples.  The  bond  data  are  submitted  and  recorded  in  the  com¬ 
puter  using  the  "£410”  program. 

The  spectral  data  and  bond  data  are  correlated  using  programs  "EREG" 
and  "E572"  to  determine  reaction  rate  constants,  activation  eneigies  and 
correlation  coefficients . 
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MINIMUM  SMOKE  PROPELLANT  BONDLINE  INFRARED  TESTING  PROCEDURE 


Composite  adhesion  (two-inch)  bond  samples  were  taken  from  the  aging 
environments  at  the  time  intervals  specified  in  the  program  plan  for  Infrared 
analysis.  The  two-inch  square  of  propellant,  along  with  the  liner  and  insulation 
is  removed  from  the  composite  assembly  with  an  X-acto  knife.  The  removed 
square  of  propellant,  liner,  and  insulation  is  cut  into  three  equal  sections 
perpendicular  to  the  plane  of  the  liner.  Each  of  these  sections  is  approximately 
1.6  by  5  centimeters.  A  razor  blade  is  pushed  down  the  plane  of  the  liner, 
separating  the  insulation  and  part  of  the  liner  from  the  propellant.  Each 
propellant  section  is  placed  in  a  microtome  cutting  apparatus  and  the  blade 
adjusted  to  carefully  remove  the  residual  liner  from  the  propellant  surface. 

A  20-mil  slice  of  propellant  is  cut  at  the  propellant -liner  interface  and  also  at 
0.5  inch  from  the  interface.  The  slices  from  a  given  location  are  placed  in  an 
alundum  Soxhlet  thimble  (34  x  100  mm)  and  extracted  24  hours  with  200  milliliters 
of  acetone.  The  residual  gel  is  removed,  laid  on  a  teflon  pad,  covered  with 
another  teflon  pad,  and  dried  under  vacuum  (approximately  10  mm)  for 
24  hours  at  120°F. 

The  dried  gel  from  each  location  is  cut  and  pieced  to  cover  both  sides  of 
a  zinc  selenide  prism  (SO  x  5  x  2  mm,  6  =  45°)  and  placed  in  a  Harrick  variable 
angle  ATR  set  at  an  angle  of  60°.  The  ATR  unit  is  mounted  in  a  Digilab  FTS-10 
spectrophotometer.  After  the  sample  is  placed  in  the  ATR  unit,  15  minutes  is 
allowed  for  cold  flow,  then  1000  scans  are  collected,  computed  and  compared 
to  a  reference  spectrum  to  produce  an  absorbance  spectrum  for  each  of  three 
pairs  from  the  Interface  and  three  pairs  at  0.5  inch  from  the  interface. 

Collection  of  1000  scans  requires  20  minutes  using  the  following  parameters: 
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After  each  sample  is  run,  the  zinc  selenide  prism  is  held  with  tweezers 
and  washed  with  methylene  chloride,  ethanol,  and  again  with  methylene  chloride 
fiom  a  squeeze  bottle.  Still  holding  the  prism  with  tweezers,  it  is  dried  with 
a  hot  air  drier  and  remounted,  holding  the  prism  with  lens  paper. 

The  absorbance  spectrum  of  each  sample  (three  at  interface,  three  at  0.5 
inch)  are  recorded  on  magnetic  tape.  The  three  spectra  at  each  location  are 
later  averaged  using  the  arithmetical  capabilities  of  the  FTIS  computer. 

The  averaged  spectra  are  transferred  from  magnetic  tape  to  the  IBM 
compuier  (or  equivalent)  which  normalized  and  tabulates  the  spectral  peaks 
for  quantitative  comparison  using  the  "E490"  program. 


Bond  data  was  obtained  on  aged  samples  taken  at  the  same  time  intervals 
as  the  spectra  samples.  These  bond  data  are  submitted  and  recorded  in  the  com¬ 
puter  using  the  *'E410"  program. 

The  spectral  data  and  bond  data  are  correlated  using  programs  "EllEO" 
and  *'E572"  to  determine  reaction  rate  constants,  activation  ener^es  and 
correlation  coefficients. 


APPENDIX  C 

CORRELATIONS  AMONG  MECHANICAL  PROPERTIES.  HARDNESS.  GEL 
FRACTION  AND  TIME  FOR  HTPB  BOND  SYSTEM 
AGED  16  WEEKS 


Bond  of  liner  to  Insulation  continued  to  decline  over  the  entire  16- week 
aging  and  this  is  shown  by  the  plot  on  Figure  C-1.  Propellant -to-liner  peel 
strength  also  declined  over  the  16-week  time  period  with  its  decline  being 
about  the  same  order  of  magnitude  as  the  decline  seen  in  the  liner-to  insulation 
peel  strength.  All  failures  In  the  propellant -to -liner  bond  strength  over  the 
16-week  time  period  are  shown  on  Figure  C-2.  Figure  C-3  is  a  plot  of  the 
response  of  composite  bond  tensile  strength  to  time  at  165°F.  The  plot  shows 
that  the  data  are  quite  scattered.  Composite  bond  strength  increased  with 
time;  and,  since  all  failures  were  in  the  propellant,  one  must  conclude  that 
the  adhesive  bond  is  a  function  of  the  stress  level  of  the  propellant  immediately 
adjacent  to  the  liner.  Stress  and  strain  changes  in  the  liner  itself  are  plotted 
on  Figure  C-4.  The  data  show  a  considerable  amount  of  scatter  in  the  stress 
level  of  the  liner  while  the  strain  of  the  liner  appears  to  change  more  uniformly. 

Gradient  hardness  of  the  insulation,  liner,  and  propellant  as  measured  in 
the  composite  bond  samples  is  shown  in  Table  C-I.  A  plot  of  the  response  of 
liner  and  insulation  to  age  time  at  165°F  is  given  on  Figure  C-5.  Insulation 
underwent  a  slow  but  uniform  softening  during  the  16-week  age  period  while 
hardness  of  liner,  after  an  initial  hardening  at  2  weeks,  was  essentially  constant 
throughout  the  remaining  14  weeks  of  aging.  Hardness  of  the  propellant  as  a 
function  of  distance  from  the  liner  is  plotted  on  Figure  C-6.  From  about  3  mm 
distance  from  the  liner  out  to  15  mm  from  the  liner,  the  propellant  undergoes 
relatively  little  change.  These  data  are  plotted  at  the  top  of  Figure  C  6.  For 
that  plot,  the  data  at  locutions  from  3  to  15  mm  from  the  liner  were  averagod  and 

plotted,  with  the  upper  and  lower  extremes  from  this  average  shown  foj*  each  time 
period  as  a  vertical  bar  on  either  aide  of  the  average  value.  Most  of  the  change 
in  the  propellant  took  place  in  the  distance  from  0.5  to  2.5  mm  from  the  liner. 

The  greatest  total  change  took  place  closest  to  the  liner,  with  the  propellant 

undergoing  a  steady  hardening  for  the  first  8  weeks  and  from  that  time  to  16 

weeks  there  was  relatively  little  change  in  hardness.  The  more  remote  from 
the  liner,  the  less  the  total  change  in  hardness  of  the  propellant. 

Gel  fraction  changes  of  the  binder  in  insulation,  liner,  and  propellant 
are  given  in  Table  C-II.  These  data  are  plotted  on  Figure  C-7.  Insulation 
underwent  relatively  little  change  in  its  gel  fraction  during  the  16- week  time 
period.  The  greatest  change  took  place  in  the  first  4  weeks.  The  same  can 
be  observed  for  the  liner,  where  the  greatest  change  took  place  within  the 
first  4  weeks,  but  the  liner  gained  in  gel  fraction  where  the  insulation  declined 
in  gel  fraction.  From  about  4  weeks  to  the  end  of  the  aging  program  at 
16  weeks,  the  liner  changed  relatively  little.  Changes  in  the  gel  fraction  of 
the  propellant  were  most  noticeable  close  to  the  liner.  Gel  fraction  of  propellant 
at  the  0  to  3  mm  distance  from  the  liner  underwent  a  considerable  increase 
during  the  first  8  weeks  of  aging’  with  compai'utively  little  change  from  then  to 
the  end  of  the  16- week  aging  period.  I’ropellant  more  remote  from  the  liner, 
i.e.,  from  3  out  to  18  mm  from  the  liner,  all  behaved  approximately  the  same. 

The  major  changes  in  the  gel  fraction  of  the  propellant  binder  in  this  region 
occurred  during  the  first  4  weeks  of  aging  with  a  marked  decline  in  the  rate 
of  change  from  4  weeks  out  to  16  weeks  of  aging. 

A  correlation  was  found  between  propellant  hardness  (as  measured  by 
penetrometer)  and  the  peel  strength  of  the  liner  and  pi’opellant.  Because  the 
liner/propellant  bond  always  fails  in  the  propellant,  it  was  of  interest  to  see 
whether  this  peel  strength  would  correlate  with  hardness  of  the  propellant ;  and , 
in  fact,  it  does  as  can  be  observed  on  Figure  C-8.  Since  the  hardness  data  are 
somewhat  scattered,  a  second  plot  was  made  of  th  hardness  of  the  propellant 
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0.5  mm  from  the  liner  using  data  that  had  been  smoothed  and  then  plotted 
on  Figure  C-6.  This  plot  of  the  smoothed  hardness  data  versus  propellant- 
to' liner  peel  strength  is  given  on  Figure  C-9. 

The  correlation  of  gel  fraction  in  the  liner  and  gel  fraction  in  the 
propellant  0  to  3  mm  away  from  the  liner  proved  to  correlate  well  with 
propellant-to-Uner  peel  strength.  A  plot  of  these  data  is  given  on  Figure 
C-10. 


Gel  fraction  of  the  liner  also  proved  to  correlate  well  with  the  ultimate 
strain  of  the  linercand,  although  there  was  a  correlation  between  ultimate 
stress  of  the  liner  and  liner  gel  fraction,  it  was  not  as  good.  These  data 
are  plotted  on  Figure  C-11. 
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2.  Propellant-to- Liner  Peel  Strength. 
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Aging  Temperature,  165  F 
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Figure  C-7.  Gel  Fraction  As  A  Function  of  Age  Time. 
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Figure  C-8.  Correlation  Between  Hardness  and  Peel  Strength 
of  Liner  and  Propellant. 


Hardness  by  Penetrometer,  0. 1 


NOTE:  Hardness  date  smoothed,  taken 
from  Figure  6 . 


Propellant  0,  5  mm 
from  Liner. 


MRure  C  9.  Correlation  Between  Propellant  Hardness 
and  Propeliant/Llner  Peel  Strength, 
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Figure  C-U.  Correlation  Between  Liner  Gel  Fraction  an 
Stress  and  Strain, 


AGE  TEMPERATURE,  165°F 


Figure  D-3,  Minimum  Smoke  Propellant  Composite  Bond  Tensile 
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Figure  D-6.  Minimum  Smoke  Propellant  -  Propellant  Hardness 


Figure  D-7.  Minimum  Smoke  Propellant  -  Propellant  Hardness 
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Figure  D-11.  Minimum  Smoke  Propellant  Cori'clation  Between  Propellant  Hardness  and 
Propellant /liner  Peel  Strength 
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Figure  D-14.  Minimum  Smoke  Propellant  Correlation  of  Propellant  Gel  Fraction  at  0.00  In.  From 
Liner  with  Composite  Adhesion  Max.  Stress 
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Figure  E-1.  Activation  Energy  Plot  for  the  Peak  at  3014  cm 
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